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ABSTRACT 


The role of membrane lipid fluidity and phase state on the passive 
permeation and facilitated diffusion of glycerol as well as on the ac- 
tive transport of L-glutamine and L-proline in E. coli has been inves- 
tigated. Membrane lipid fatty acid composition was varied by the en- 
richment of the membranes of the unsaturated fatty acid (UFA) auxo- 
troph, E. coli K1060, in one of five UFA's, linoleate (18:2c,c), pal- 
mitoleate (16:lc), oleate (18:1lc), palmitelaidate (16:1t) and elaidate 
(18:1t). The dependence on temperature of these transport processes 
was studied in these cells as well as in a number of other strains 
which are prototrophic with respect to fatty acid metabolism. Differ- 
ential thermal analysis (DTA) revealed that the relative fluidities of 
the membranes of the mutant K1060 decreased in the order: 18:2c,c- > 
1oslCqe>) 182i c—3>) 162) taa>.18:1lt—cells. 

The rate constant (1/t) for glycerol passive permeation at any 
temperature was highest for cells with the most fluid membranes and 
lowest for the least fluid. Arrhenius treatment of the data yielded 
straight lines for the permeation in 18:2c,c- and 16:lc-cells and bi- 
phasic linear plots for 18:lc- and 18:lt-cells. The point of intersec- 
tion in each of the latter two instances was the characteristic temper- 
ature, Th: The activation energy, Ea, for the permeation in 18:2c,c- 
and 16:lc-cells did not depend on UFA supplementation and was the same 
as that above Ty for 18:lc- and 18:lt-cells. However, Ea below Th was 
higher than above it. 

The 1/t values for the facilitated diffusion of glycerol in these 


cells displayed a parallel behavior to the 1/t values for the passive 
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permeation of this solute, being highest for the most fluid and lowest 
for the least fluid membranes. The 1/t value for the facilitated dif- 
fusion was, however, higher than that for the passive permeation at 
any given UFA supplement and constant temperature. Arrhenius plots of 
the facilitated diffusion 1/t values were single straight lines for 
18:2c,c- and 16:lc-cells and biphasic for 18:lc- and 18:lt-cells. The 
Fa values for glycerol facilitated diffusion in 18:2c,c- and 16:1lc- 


cells, and above T, for 18:lc- and 18:2t-cells was constant but low- 


b 
er than that for the passive permeation. Below Ty? the Ea value was 
higher than above it. The T, value for 18:lt-cells was constant for 


b 
the facilitated diffusion and the passive permeation of glycerol while 


that for 18:lc-cells was lower for the facilitated diffusion than for 
the passive permeation of this solute. These results taken together 
demonstrate a profound influence of the membrane lipid fluidity and 
physical state on the translocation step of the passive permeation and 
the mediated transport of glycerol. 

The Kn for ieee rucantne uptake in E. coli K1060 and strain 7 re- 
mained constant, irrespective of UFA-enrichment and temperature. ave 
values varied with temperature for mutant K1060, only up to an upper 
temperature limit (UTL) above which Naps started to decrease with in- 
crease in temperature. For strain 7, there was no UTL and at all tem- 
peratures, the Arrhenius plot was biphasic, displaying a The For K1060, 
the Arrhenius plot below UTL was also biphasic, showing a Ty unique to 
each UFA supplement (except 18:2c,c-cells which gave a gentle curve). 
The E. values were higher below Ty than above it. 

The Kn for De Canroline transport in mutant K1060 grown in various 


UFA supplements was reasonably constant as temperature varied, while 
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this kinetic parameter increased ten-fold in strain 7 as the tempera- 
ture increased from 3°C to 45°C. No UTL was displayed for proline up- 
take in strain 7 and the Arrhenius plot showed a Ty as well as another 
break temperature at 30°C. A UTL was displayed for proline transport 
in K1060 and the Arrhenius plots below UTL were again biphasic (except 
for 18:2c,c-cells) and showed a characteristic Ty for each UFA supple- 


ment. In all instances (strain 7 and K1060) Ty was lower for proline 
than for glutamine uptake while for K1060, UTL was lower for proline 
than for glutamine uptake. 

DTA results together with membrane fatty acid profiles indicate 
that UTL is determined by both membrane lipid acyl chain fluidity and 
heterogeneity, while Ty is governed by fluidity alone. Since the major 
difference between the glutamine and proline transport systems is in 
their energetics of operation, these results indicate that the possible 
cause of the UTL is a deficiency in energy-coupling due, possibly, to 
proton leakage in these cells under the experimental conditions. 

It is therefore concluded that while the translocation step in a 
purely facilitated diffusion system responds to the fluidity and physi- 
cal state of the membrane lipids, both the translocation and the 


energy-coupling steps are influenced by the phase state of the membrane 


lipids in an active transport system. 
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CHAPTER I 


GENERAL INTRODUCTION 


A. BIOLOGICAL MEMBRANE STRUCTURE AND DYNAMICS (A REVIEW) 
1. The Fluid Mosaic Model 

It now appears generally accepted that the biological membrane 
consists of a lipid bilayer matrix (fluid under physiological condi- 
tions) (1 - 5) in which are embedded largely globular protein mole- 
cules. This model (see plate 1), presented by Singer and Nicolson in 
1972 as "the Fluid Mosaic Model of the Structure of Cell Membranes", 
views membranes as two-dimensional solutions of oriented globular pro- 
teins and lipids (1, see also 3, 4, 6, 7 for reviews). It serves as 
a useful conception to explain an enormous variety of physical, chemical 
and biological data on membrane structure (4) and was born as a synthe- 
sis of the earlier models presented by Gorter and Grendel, 1925 (8), 
Danielli and Davson, 1935 (9), Robertson, 1959(10) and Benson, 1966 (11). 

The formulation of this model was based on extensive theoreti- 
cal thermodynamic considerations, coupled with the knowledge that the 
major constituents of biological membranes are lipids, proteins and 
oligosaccharides (12), together with available evidence on lipid and pro- 


tein structure, organization and lateral mobility (1, 3, 4, 6, 7, 13 - 


15). These thermodynamic principles, which have been extensively docu- 
mented by Benson and Singer (16), Singer (12, 17), and Singer and Nicol- 
son (1), deal with the noncovalent interactions that hold the membrane 
components together to yield the stable structure (12) in which are maxi- 
mized the lowest free energy environments of the membrane lipids, pro- 


teins and saccharides (6, 12). 


i. 'NHSMAD 


he | ? a Woo. LS 
x ‘ | 
a © cede ypneare aa 09 I) ? * ‘ J 7 
rat Loita CMA SHUTS MATIN TARO 
- * . re Pe Ad 
om j 7 an A ¢ 4 - 
pee ii At eG rasa ts wta ap « 
1 ptiaw soe id bath 2 fe eae 
, - 
| « ba) f 
' i S Ans ve party wr t¢ é z 
lay eps (t stefo. asa) fetes ehet 
eR 
Lad “* » my a So i 


¢ @¢> 306!) Jone oined 
a “75 2 


* \\4 JA cE onli eet) ebsatil Ge ae 
oLteasones Egh be 


‘antaoteh? tas 


- 


(oy Fiat a e 
Toham tabies 262 38, 

ie dus! 
> 


: 


eter. ben 2 


ia eis Verenil ' f \ ara 
i. 
tua ieerol - ae 


i's 


SEL) OOM 4 acr oe 
enw isbowatais or ¢ 
timuybaweds fam 


Sensors no Upanad 


» ~hagtngr'd ey 
decidl, oda. dain belgvos .sctarrat-iaure, 
7 lar oa a ae : ne 


J 
~~ oe PT ; : 
: 7 . ; i“ 


” 
. af. 


—s 


“ee 
id Te ; 
hee sb F ie Ver ki teers 
ay ™~, a > 
: val al ae 
7 Tt . > me 
od ve 


an 
e 


aan 
- P 


Q 
m4 EATS sate 
ie SRAM DT eA 


v4) 
eS 


The Fluid Mosaic Model of Biological Membrane Structure 


PLATE 1. 
(ref. 1) 


Some membrane proteins ["integral" (1, 12) or "intrinsic" (18) 
proteins] either are partially buried within or span the lipid bilayer, 
and require drastic conditions like detergents, chaotropic agents or 
organic solvents for solubilization (1,12,15). Other membrane proteins 
["peripheral" (1,12) or "extrinsic" (18) proteins] are loosely associ- 
ated with the surface of the membrane mainly by electrostatic interac-— 
tions with the polar head groups of the membrane phospholipids and/or 
exposed hydrophilic ends of specific integral or peripheral membrane 
proteins (15). This latter class of proteins, exemplified by cytochrome 
c of mitochondrial membranes and spectrin of erythrocyte ghosts (19), 
are easily solubilized from membranes by mild aqueous treatment, e.g., 
high fonic strength and chelating agents, and their removal normally 
does not destroy the integrity of the lipid bilayer (1, 6, 12, 15). 

The structurally important membrane components are the phospho- 
lipids and integral membrane proteins. The integral proteins, like the 
phospholipids, are considered to be amphipathic in their interactions 
with water (1, 4, 6, 12). These proteins may, in particular instances, 
be attached to oligosaccharides to form glycoproteins or be interacting 
strongly with specific lipids to form lipoproteins. The phospholipid 
bilayer is arranged with the hydrocarbon chains being on the average 
perpendicular to the plane of the membrane and sequestered into the in- 
terior of the bilayer (region of least contact with water) and stabi- 
lized mainly by hydrophobic interactions, while their ionic and polar 
head groups (hydrophilic portions) interact with each other and with the 
aqueous phase (1, 3, 4, 6, 12, 15). 

Some integral proteins span the entire bilayer and possess two 


hydrophilic ends, one exposed to the internal environment and the other 
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in contact with the external aqueous phase. The central hydrophobic 
portions of such proteins are stabilized by hydrophobic interaction with 
the fatty acyl chains of the phospholipids of the bilayer. These pro- 
teins are said to be trimodal. Other integral proteins have only one 
polar and one hydrophobic portion and are described as bimodal. These 
bimodal proteins can be only partially buried in the bilayer (1, 3; 
fm O gee lD 5220)) 6 Evidence is now accumulating that integral proteins 
are in oligomeric associations within the membrane (21, 22). 
2. Support for the Model 

The bilayer configuration of membrane amphipathic lipids has 
been supported by a vast body of experimental evidence derived by the 
use of various physical techniques. 

Phospholipid bilayers (liposomes or myelin forms consisting of 
concentric tubes of bimolecular leaflets) usually form spontaneously 
in excess water as the configuration of lowest free energy when amphi- 
pathic phospholipid molecules come in contact with water above their 
transition temperatures (3, 12, 23 - 27). The hydro- 
carbon chains tend to sequester into a region of least contact with 
water while the polar heads are in the aqueous phase. The width of the 
bilayer varies with the fatty acyl chains of the phospholipids, being 
small for short chain fatty acids and increasing with chain length (28). 

The distinguishing characteristic which has been exploited in 
establishing the bilayer nature of membrane structure is the fact that 
some membranes (like the artificial bilayers, liposomes) exhibit revers- 


—- 


ible, cooperative, thermotropic gel <= liquid crystalline phase transi- 
tions (14, 27, 29, 30). This order = disorder transition takes place at 


a definite temperature (T)) for any particular single phospholipid mole- 
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cular species (26, 31, 32). During the transition, the bilayer structure 
is essentially maintained (30). In the gel state, below Tos the phos- 
pholipid hydrocarbon chains are fully extended (i.e. in the all-trans 
configuration), rigid, highly ordered and closely packed in a hexagonal 
array. The bilayer thickness is larger and the cross-sectional area 
per lipid molecule is small. There is also restricted lateral diffusion 
within the plane of the bilayer and permeability is low. In the liquid 
crystalline state, above Tos the hydrocarbon chains possess a number of 
gauche conformers, are loosely packed, fluid and flexible. They are 
highly disordered in the two-dimensional lattice, this resulting in an 
overall decrease of bilayer thickness and an increase in cross-section- 
al area of each phospholipid molecule (see plate 2). Despite the fact 
that there is only a small net increase in volume per lipid molecule, a 
substantial lateral expansion in the plane of the membrane occurs 

Cl 208 25 OLA 32). The fluid state (ToT) permits rapid lateral 
diffusion in the plane of the membrane of the lipid molecules (14, 

33 - 37) and other membrane components (3, 4, 6, 7, 12, 15, 36 - 41), 
and a marked increase in permeability (30). Since this 

transition is highly cooperative, a relatively large number of lipid 
molecules in a continuous phase is a prerequisite for its occurrence 
(14). 

T, varies with the phospholipid head group (26) and for a parti- 
cular class (head group) of phospholipids containing saturated fatty 
acyl chains, T. also varies with phospholipid acyl chain length (26, 29, 30, 
32, 42), being higher the longer the chain length. The enthalpy of 
transition also increases with chain length (42). Unsaturation or 


branching of the acyl chains decreases qT. (26, 29, 43). The presence 
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PLATE 2. A Schematic Representation of the Gel to Liquid 
Crystalline Lipid Phase Transition (ref. 30). 


of other molecules like cholesterol or anesthetics affects the transition 
by altering the normal packing of the fatty acid chains (320). Choles- 
terol disrupts the ordered array of hydrocarbon chains in the gel state. 
Thus the thermotropic transition is broadened and its enthalpy decreased 
in the presence of cholesterol. This effect progressively increases as 
the cholesterol concentration increases and the transition is complete- 
ly obliterated at 33 mole% cholesterol (26, 44 - 52). 
Cholesterol also inhibits lipid chain motion above De 3) geet hussmae 
a particular temperature, the presence of cholesterol keeps the hydro- 
carbon chains of differing phospholipid molecules in an “intermediate 
fluid" condition (48). The anesthetic methoxyfluorane has been shown 
to decrease the midpoint of transition (tT) as well as the temperatures 
marking the onset (T)) and end (T) of the transition in mixed dipalmi- 
toyl- and dimyristoylphosphatidyl choline bilayers (54). Protein (55) 
and peptides, e.g. gramicidin A (55, 56) and alamethicin (57), also 
remove the cooperative component of the transition (i.e. broaden it) 
without affecting Th and, at high concentrations, eventually abolish the 
transition. 

Data from various physical techniques (see for reviews 13, 27, 
43, 58, 59) have established that biological membranes which are not 
rich in cholesterol do exhibit this gel == liquid crystalline coopera- 
tive, thermotropic phase transition. In this case, it is not a sharp 
transition because of heterogeneity in the polar head groups and fatty 
acyl chains of the membrane lipids. There is therefore a transition 
range marked by a lower boundary, i.e., the onset of the melt (T,)> an 
upper boundary, i.e., the end of the melt (T,)> and a transition mid- 


point (TD? at which 50% of the lipids are liquid crystalline in 
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coexistence with 50% gelled lipid. In the temperature range T, to T,, 


1 
varying proportions of fluid and gel phase lipid coexist. The percent 


gel phase lipid is highest just above T, and lowest just below T,. 


1 h 
Above Th all the lipid is in the liquid crystalline phase as against 
the situation below Ty when 100% of the lipids are in the gel state. 
The broad phase transition is thus a progressive lateral phase separa- 
tion in which domains of gel and liquid crystalline phases exist simul- 
taneously (30). 

Melchior and Steim (27) have reported that the inner membrane 
transition in whole cells of E. coli wild type and unsaturated fatty 
acid (UFA) auxotrophs can be resolved from that of the outer membrane 
using differential scanning calorimetry (DSC). Thus both the outer and 
inner membrane lipids are in the bilayer form. However, other results 
obtained with the same technique and employing similar auxotrophs (60, 
61) have demonstrated that preparations of E. coli whole cells display 
phase transitions similar to those of the isolated plasma membranes as 
well as to those of the aqueous dispersions of the extracted lipids 
(i.e. derived liposomes), showing similar Ty» Th and Th values. More- 
over, fluorescence probing (14, 62) and wide angle X-ray diffraction 
studies (62) have shown that the isolated outer and inner membranes do 


exhibit similar T,, T, and Tw. but that a higher proportion (60-80%) of 


Ide 

the inner membrane lipids than the outer (25-40%) take part in the 
transition, i.e., are in bilayer form hydrophobically uninfluenced by 
the presence of protein. These data are consistent with electron spin 
resonance (ESR) results (63). The progress of phase transitions has 


also been followed in UFA auxotrophs by monitoring the partitioning be- 


tween the polar aqueous phase and the hydrophobic membrane core of the 
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ESR probe 2,2,6,6-tetramethylpiperidine-l-oxyl (TEMPO) (60, 64 - 66). 
Data from wide angle X-ray diffraction studies (67, 68) corroborate 
these findings and reveal that Th depends on the UFA-enrichment of the 
membrane. Investigations employing DSC (27, 29, 69, 70) and differen- 
tial thermal analysis (DTA) (2, 55, 71 - 77) demonstrate that 
for a wide variety of membranes from other sources, the transition is 
also similar in membranes and derived liposomes [and also in whole cells 
in some cases (29, 70)], thus indicating that the common denominator 
among all these various membranes is the lipid bilayer. The phase tran- 
sition can also be followed in these membranes using X-ray diffraction 
C28 5844), 0/82—25)") SESH OTG18 3182n=—99 7) , 
nuclear magnetic resonance (NMR) (83) and Raman (98) spectroscopy. In 
these studies, the sharpness of the transition gives an idea of its co- 
operative nature. From values of the transition enthalpy and the pro- 
portion of the total membrane lipid participating in the transition, it 
has been calculated using fluorescence spectroscopy (62, 99) and X-ray 
diffraction (62) that in the E. coli isolated inner membrane, as much 
as 70% or more of the membrane lipids are in the bilayer state, hydro- 
phobically uninfluenced by the presence of proteins. By contrast, only 
25-40% of the lipids in the isolated outer membrane exists as a bilayer 
hydrophobically uninfluenced by protein (62). In membranes from eukary- 
otes and other prokaryotes, ESR (93) and calorimetry (29) have also 
demonstrated the existence of 70% lipid bilayer, uninfluenced by 
membrane proteins. 

These physical techniques have thus helped to establish that 
membrane phospholipids are arranged in an interrupted bilayer as a re- 


sult of the intercalated proteins in the lipid bilayer matrix. The 
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acyl chains of the phospholipid molecules show a fluidity gradient (30) 
which is detectable in lobster walking leg nerve fibre membranes by ESR 
(84) and in artificial lipid bilayers by NMR (100) spectroscopy, being 
least fluid near the ester bond and most fluid at the methyl terminus. 
Jost and associates (18, 97) used the ESR spectra of spin-label- 
ed fatty acids incorporated into cytochrome oxidase vesicles to demon- 
Strate the presence of boundary lipid associated with this membrane en- 
zyme complex isolated from beef heart mitochondria. They showed that 
spectra for immobilized lipid only were discernible below a phospho- 
lipid:protein weight ratio of 0.2 and above this, additional ESR spect- 
ra were obtained indicative of mobile lipid. Thus about 0.2 mg phospho- 
lipid/mg protein is in close association with the protein and its pro- 
perties are modified with respect to bulk membrane lipid. Calculations 
reveal that this amount of lipid is sufficient to form a halo of immobi- 
lized lipid a single molecule thick, thus "insulating" the hydrophobic 
protein from adjacent fluid bilayer in this membrane model. This bound 
lipid is required for maximal cytochrome oxidase activity and apparently 
plays a role in maintaining the thermal stability of the enzyme complex. 
Essentially the same phenomenon has been shown by the same technique 


ae ceamderend= 


for the interaction of dipalmitoyllecithin (DPL) with Ca 
ent ATPase from sarcoplasmic reticulum (101). "Boundary" lipid has been 
termed variously "annular" (101) and "intimate" (85) lipid. 

The technique of freeze-fracture electron microscopy (EM) 
(82, 102 - 104; also for reviews, see 3, 4, 6) has revealed that E. 
coli cells and isolated membranes maintained at a temperature above Th 


before freeze-fracture show a near random distribution of particles be- 


lieved to be membrane proteins (55, 66, 68, 105). However, progressive 


aggregation was noted as the temperature at which the sample was main-—- 
tained before freeze-fracture was reduced. The same observation was 
made for membranes from other sources (2, 5, 72, 106, 107). Thus 

this technique gives evidence for the fluid lipid bilayer matrix of the 
biological membrane and the free lateral mobility of proteins within the 
plane of this bilayer above the lipid phase transition temperature. It 
is also possible to discern the heterogeneity of the membrane lipids 

and also estimate the percent bilayer from these studies using an E. 
coli UFA auxotroph (68). 

Under physiological conditions, when the lipid bilayer matrix is 
fluid, most if not all membrane lipids diffuse laterally rather freely 
in the plane of the membrane. This has been demonstrated by the use of 
fluorescence spectroscopy in E. coli (14, 33) membranes and membranes 
from eukaryotic sources (34 — 37). The diffusion coefficient 
for this lateral motion is of the order of D = Kar” ane ae esis, SITE: 
and reviews 4, 6). Membrane integral proteins also diffuse laterally 
with D = 107° to iM em*+sec (36 - 41, and for reviews see 
sh) TA CR Ay These membrane components are also capable of exhibit- 
ing rotational diffusion about an axis perpendicular to the surface (108, 
109). There is, however, no evidence for free movement of either the 
amphipathic (glyco- and phospho-) lipids (88, 94, 110 - 112) or the amphi- 
pathic integral proteins (3, 4, 6, 113, 115, 116) from one half of the 
bilayer to the other (flip-flop). This flip-flop rate is extremely low 
(see 15 for review). 

Evidence from chemical and enzymatic labelling and enzymatic 
modification studies on inside-out and right side out vesicles, and 


electron microscopy of samples labeled with fluorescent antibody (see 
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15 for review) support the asymmetric distribution of membrane lipids 
(88, 94, 111, 112, 114, 117 -— 119),/membrane proteins (36, 110, 113, 
115, 116, 119 - 125), cholesterol (111, 126) and carbohydrates (127) 
in various kinds of membranes. 

The role of lipid asymmetry in maintaining certain physiologi- 
cal functions is not clear. However, asymmetric lipid composition could 
regulate differential membrane fluidity in each half of the bilayer (58). 
Alternatively, the higher proportion of anionic phospholipids on the 
inner portion of the bilayer may facilitate ionic interactions (through, 
say, Coa) with membrane associated and peripheral membrane components 
(5 GEES 

Asymmetric distributions (and orientations) of proteins within 
the membrane confer obvious advantages to the efficient functioning of 
the cell. By exposing the antigenic determinants and receptors at the 
correct surface, it is possible for the cell to react to its environ- 
ment, e.g. cell recognition (128). Moreover, compartmentation of en- 
zyme reactions within a cell can only be meaningful and efficient if 
the required enzymes are fixed in the right disposition within the mem- 
brane. In addition, as extensively reviewed by Coleman (129), multien- 
zyme sequences (e.g. redox sequences of the electron transport chain) 
can only function efficiently with the assistance of the membrane which 
holds the different members of the enzyme complex in the right disposi- 
tion with regard to a common metabolite. Vectorial reactions which re- 
sult in the separation of substrates from products on two sides of the 
membrane are rendered feasible and efficient by the asymmetric distri- 
bution and orientation of the required enzymes in the membrane, as exem- 


plified by group translocation reactions, the sucrase reaction of 


ns) 


mammalian gut, which involves a sequential action of an enzyme with a 
closely linked transport system for its product (glucose), and mito- 
chondrial electron transport and oxidative phosphorylation. Thus, it 
is important that the inherent asymmetric distribution of the membrane 
constituents between the two halves of the bilayer be preserved by the 


absencesorertip-tlop §(3,74..128, 130). 


B. THE BACTERIAL CELL ENVELOPE AND PERIPLASMIC SPACE (A REVIEW) 
1. Introduction 

The cytoplasm of the bacterial cell (both gram positive and gram 
negative) is bounded by a cytoplasmic membrane (true plasma membrane), 
which is in turm surrounded by the cell wall (see plates 3 and 4). The 
plasma membrane together with the cell wall constitute the cell envelope 
(see reviews 131-136). The cell wall is a complex, partly inelas- 
tic structure which protects the cell from osmotic swelling and lysis 
and also conditions the microenvironment of the cytoplasmic membrane. 
Between the plasma membrane and the cell wall is the periplasmic space 
(131 - 136), as defined by Mitchell (137). The composite cell enve- 
lope regulates the complicated molecular traffic between the cell and 
its environment, since it serves both as an ion exchange resin (being 
predominantly negatively charged) and a molecular sieve (because it ex- 
cludes large molecules) (133 - 137). The cytoplasmic membrane has a 
relatively consistent chemical composition and molecular architecture 
and available evidence (131 - 136) indicates that it can be adequate- 
ly described by the fluid mosaic membrane model (1, 15). It is the 
major permeability barrier of the cell (132, 138) and contains enzyme 


systems related to electron transport (132, 139 - 144), 
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active transport of solutes (132, 143 - 145) and phospholipid 
biosynthesis (143, 144, 146, 147). The cell walls of bacteria, however, 
vary widely between the chemically simple walls of some gram-positive 
species, e.g. Micrococcus lysodeikticus (148), and the very complex mul- 
tilayered walls of smooth strains of gram-negative bacteria (131 - 136, 
149 - 151). 

2. Molecular Architecture of the Cell Wall of Bacteria 

Both gram-positive and gram-negative bacterial cell walls have 
as a common feature a peptidoglycan (murein) layer, which is an inelas- 
tic, sac-like, macromolecule (133, 134, 136, 152, 153). This is com- 
posed of glycan strands interconnected through short peptide chains. 

The glycan strand is made up of interconnecting 8-1,4-linked N-acetyl- 
glucosamine and N-acetylmuramic acid residues. The peptide subunit, 
linked to the lactyl group of N-acetylmuramic acid, is normally a tetra- 
peptide composed of L- and D-amino acids, but in some cases a tri- or 
pentapeptide occurs (152, 153). Peptidoglycan can thus be regarded as a 
derivative of chitin (153). Variations in the detailed structure of the 
peptide can occur both between and within the two groups of bacteria 
(gram-positive and gram-negative). A great proportion of the peptides 
are cross-linked (152). 

The gram-positive cell wall consists mainly of a thick fibrous 
layer of this murein [up to 10 nm thick (154)] against which the cyto- 
plasmic membrane is adpressed (see plate 3). Other molecules such as 
teichoic acids (155, also see 156 for review), teichuronic acids, and 
lipids are interspersed with the basic peptidoglycan structure, but 
these do not form coherent or continuous structures within the cell 


wall (133, 134, 157). The periplasmic space is taken to include the 
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PLATE 3. Structure of Gram-Positive Cell Wal te(ret.1 34). 
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Space between the cytoplasmic membrane and the murein layer as well as 
the pace within the fibrous murein network. At their outermost surface, 
these bacteria may bear globular protein coats or very extensive fibril- 
lar carbohydrate capsules (134). 

The gram-negative cell wall is a very complex structure whose 
innermost element is the rigid peptidoglycan layer to which the cyto- 
plasmic membrane is both adpressed and adherent (133 - 136) (see 
plate 4). The peptidoglycan layer, which can be 0.8 nm to 30 nm thick, 
does not contain integrated polymers similar to teichoic acids, but is 
covalently linked to elongate lipoprotein molecules (133, 134, 136). 
These extend outward in bundles and their lipid moieties associate with 
an outer membrane, which is composed of phospholipids and protein 
(131-136, 158). The peptidoglycan-lipoprotein complex thus maintains, 
and partly occupies, a well-defined periplasmic space between the inner 
(i.e. cytoplasmic) and outer membranes. 

There is evidence that the outer membrane is basically a lipid 
bilayer with integral lipoproteins (131-136, 158, 159) but the fraction 
of the bilayer that takes part in the gel — liquid crystalline phase 
transition sis smalls (625603). The presence of lipopolysaccharide as a 
major membrane component is a unique feature of this outer membrane 
(133-135, 160). The function of this outer membrane is obscure (158) 
but it may serve as a molecular sieve, excluding molecules above 700 
daltons (161, 162). Thus, penetration of antibiotic molecules could be 
prevented while hydrophilic small molecules like sugars could be let 
into and out of the periplasmic space (133-135) through water-filled 
channels presumably formed by the lipoproteins (158, 159, 161-163). This 


permeation could be affected by pH, ionic strength and cations (164, 
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PLATE 4, Structure of Gram-Negative Cell Wall (ref. 134). 
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165). An endogenous phospholipase A activity is the only enzyme de- 
tectable in this membrane (166). The external surface of the outer mem- 
brane is shielded probably by long carbohydrate chains of the lipopoly- 
saccharide molecules (133-135, 166). 

The periplasmic space of bacteria contains a number of proteins 
which are released on mild osmotic shock as described by Neu and Heppel 
(167). Some of these proteins are hydrolytic enzymes such as alkaline 
phosphatase, 5'-nucleotidase and B-lactamase (133, 134, 168), while 
others are specific transport binding proteins, e.g., for L-glutamine 
in E. coli (169). Synthesis of the cell wall and periplasmic space com- 
ponents occurs in the cytoplasmic membrane and the molecules are extrud- 
ed through the periplasmic space to their final destinations (133 - 

136, 170). Methods are now available for the separation of the inner 
and outer membranes of E. coli, Salmonella typhimurium and other gram- 
negative bacteria (139) based on sucrose gradient centrifugation (171) 
of these membranes obtained after degradation of peptidoglycan using 
lysozyme-EDTA treatment (143, 172, 173). 

3. Implications of the Possession of a Cell Wall 

The functions of the bacterial cell wall and its components are 
not yet fully understood (144, 174-177). Being a molecular sieve and 
an ion exchange bed, cell walls have been implicated in antibiotic resis-— 
tance and general restriction of molecules which get into, and out of, 
the periplasmic space. Hence, periplasmic binding proteins and enzymes 
are not lost to the external medium. They have also been implicated in 
the success of some of these bacteria as pathogens (133-135). 

Some aspects of the kinetics of transport in gram-negative bac- 


teria could also be altered as a result of the possession of a cell 
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wall. Carrier mediated efflux* studies of the lactose transport system 
in E. coli, performed in the conventional way of preloading cells with 
radioactive substrate, diluting into warm substrate-free medium and 
sampling at convenient times, yielded only 10-15% of the expected ef- 
flux. This was due to a "recapture" phenomenon. That is, within the 
periplasmic space, substrate molecules which have left the cell do not 
readily mix with the bulk of the extracellular fluid. Thus, after exit, 
substrate molecules in this space have a high probability of being re- 
captured by the carrier and net efflux from the cell is significantly 
reduced. The "accelerative exchange diffusion" which characterizes 
facilitated diffusion systems is found to operate faster than expected 
for exit and slower than expected for entry in energy-uncoupled lactose 
transport in E. coli as a consequence of the recapture problem. The 
kinetics of "couterflow", a phenomenon which is also characteristic of 
facilitated diffusion systems, have eluded quantitative analysis due to 
the recapture event. In a number of cases, it has been possible to de- 
vise adequate experimental modifications in order to circumvent this re- 
capture problem (178). In addition, passive permeation of glycerol and 
erythritol assayed by optical means does not give a linear concentration 
dependence of rate (174). However, for other aspects of transport stud- 
ies, these problems do not seem to exist. For instance, it has been re- 
ported (179) that the Kh for L-proline transport, in membrane vesicles 
prepared from E. coli according to the method described by Kaback (180), 
corresponds closely to Ka obtained with whole cells (181). Also, Kaback 


et al. (182) have reported that in many cases these membrane vesicles 


*The terms "flux", "efflux" and "influx" are used in this report to 
mean, respectively, "rate of flow", "rate of exit" and "rate of entry", 
as defined by Halvor Christensen (see reference 128). 
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transport metabolites at rates that are comparable to those of the par- 


ent intact cells. 


C. SOLUTE TRANSPORT AND PERMEATION ACROSS BIOMEMBRANES (A REVIEW) 
1. Introduction 

The membrane of the cell or organelle constitutes an effective 
barrier separating the intracellular (or intraorganelle) constituents 
from the external environment as well as separating the various compart- 
ments within the cell or organelle. In order to ensure its normal func- 
tioning and continued existence, therefore, adequate transport systems 
are mandatory. Biological membranes are thus highly selective permeabi- 
lity barriers and the flow of molecules and ions between the cell (or 
organelle) and its environment is precisely regulated by specific trans- 
port systems. Transport processes have a number of important roles 183, 
128), among which are: (i) to maintain correct osmotic balance and thus 
regulate cell volume; (ii) to maintain intracellular pH and ionic com- 
position (eaae Moc un ane rer etc.) within a narrow range, in order to 
provide a favorable environment for enzyme activity. The cell indeed 
maintains within itself a great variety of internal environments carry- 
ing out a vast number of chemical reactions that are inherently incom- 
patible with one another; (iii) to extract and concentrate metabolic 
fuels and building blocks (amino acids, nucleosides and nucleotides) 
from the environment and to extrude toxic substances; (iv) to generate 
ion gradients that are essential for neurotransmission, muscle contrac-— 
tion (and related phenomena), and transduction of energy from chemical 
to other forms. For instance, proton extrusion in E. coli during ATP 


hydrolysis by Ree GP VIG. or substrate oxidation and subsequent 
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electron transport, generates a proton motive force (PMF or Ai +) which 
in turn can drive active transport of solutes. Reversal of this pro- 
cess under appropriate conditions can generate chemical bond energy 
CATE) 33 

Solute uptake in cells and organelles occurs by either non- 
energy-dependent (passive permeation and facilitated diffusion) or 
energy-dependent (active transport and group translocation) processes 
(13, 128, 184,185). Passive permeation of solute through the membrane 
occurs by simple diffusion driven down a concentration gradient of sol- 
ute until equilibrium is established across the membrane, i.e., there 
is no accumulation of permeant. Facilitated diffusion is protein- 
mediated but since it is not energy-coupled, results in equilibration 
just like passive permeation. Its rate is, however, generally much fast- 
er than the passive permeation rate for hydrophilic nonelectrolytes and 
ions. In common with energy-dependent transport, facilitated diffusion 
systems are protein-mediated. The activation energy, Ea, for mediated 
transport has been observed to be lower than that for the passive per- 
meation of the same permeant molecule through liposomes (71). 

2. Passive Permeation 

The kinetics of passive permeation can be described using Fick's 
first law of diffusion in free solution (128, 184, 185) while applying 
the following considerations: (i) The biological membrane exerts an 
effective barrier action and therefore the diffusion constant is smaller 
than for the diffusion of solute in free solution; (ii) Since the 
membrane is thin, the concentration difference can be treated as though 
it occurred abruptly. The initial rate of flow in one direction (uni- 


directional flux) can then be expressed as: 
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where C is the concentration of solute in the phase of its origin and P 
is the permeability coefficient under unit area. Passive flux thus in- 
creases linearly with applied concentration of solute. P is governed 
by the following factors: (i) solute size: for small molecular weight 
(MW) solutes (MW <100), P decreases as (nny 2/2 increases since the prod- 
wet pcm 2/2 should remain constant if other conditions are constant; 
(11) solubility of the solute in the lipid phase as compared to its 
solubility in the aqueous phase (oil/water partition coefficient): this 
is largely determined by the number of exposed ~CH,- groups as well as 
the number of hydrogen bonds (with water) to be broken. 
3. Mediated Transport 

Facilitated diffusion and the energy-dependent transport systems 
are mediated by some component of the membrane (believed to be protein) 
which is in limited supply. Thus, the substrate (S) is transiently 
bound by this membrane-bound mediating structure (M). The kinetics of 
these mediated transport processes do not therefore conform with Fick's 
first law and can be described, like classical enzyme kinetics (186), by 


the Michaelis-Menten equation (128, 184, 185). Thus, 
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Initial rates = inv 


where [S] is the substrate concentration, Vis is the maximum transport 
rate attainable at saturation and Ka is the substrate concentration 
which results in 1/2 Nemes ¢ Mediated transport thus comprises a number 
of steps, viz.: substrate recognition, substrate binding, translocation, 
substrate release and recovery of the mediator. Then another cycle can 


be repeated. 
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Inherent in the Michaelis-Menten formulation for transport are 
the following facts: (i) Mediated transport is a saturable process 
yielding a hyperbolic dependence of initial rate with substrate concen- 
tration. (ii) Transport systems exhibit specificity for their substrates. 
This can be highly restricted to a single substrate, e.g., the system 
for L-glutamine and that for L-proline in E. coli, or general, e.g., the 
Systems for some other amino acids in E. coli. In most cases, stereo- 
specificity is exerted whereby only one optical isomer can be transport- 
ed by a system, as exemplified by the L-glutamine and L-proline systems 
mentioned above and the glucose carrier in the human red blood cell, 
which transports only D-glucose. (iii) Substrate analogs exert competi- 
tive inhibition. (iv) Transport rate is specifically reduced by the 
presence (even in small amounts) of substances differing chemically from 
the substrate, these inhibitors being chemical agents also active as en- 
zyme poisons, e.g., sulfhydryl reagents. (v) Each of the following phe- 
nomena, "competitive exchange diffusion", "counterflow'' and accelerative 
exchange diffusion, can be demonstrated (128, 178, 184) as a character-— 
istic of facilitated diffusion, or an active transport system from which 
the energy link has been broken (energy-uncoupled active transport) 
which then operates as a facilitated diffusion. These phenomena are 
both a consequence of, and a test for, mediation. 

Competitive exchange diffusion and counterflow require the oper- 
ation of a transport carrier in the presence of two substrates (ana- 
logues) transportable by the carrier (184). The outward and inward 
flows should not interfere with each other. Competitive exchange dif- 
fusion [or cis- inhibition (128)] will be found in any situation where 


a facilitated diffusion system (e.g., that for glucose in the human 
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erythrocyte) is originally at or near saturation (with glucose in this 
case) at both faces of the membrane and a second substrate (e.g., galac- 
tose) sharing the same system is added (in substantial concentration in 
relation to its KD to one face of the membrane. The originally low 

net flux will be converted into a high unidirectional flux by cis- inhi- 
bition, i.e., inhibition of glucose binding at the galactose-rich face, 
which then prevents re-entry of the glucose leaving the cell as galactose 
enters. Thus, addition of galactose to the external face effectively 
leads to a high efflux of glucose from the cell. 

Counterflow also refers to a special type of competitive inhibi- 
tion (178). In counterflow experiments, a transient accumulation 
against a concentration gradient may be demonstrated in a system which 
carries out facilitated diffusion. If cells are preloaded with a high 
internal concentration of (unlabelled) substrate A, centrifuged, and 
then resuspended in a low concentration of (labelled) substrate B, there 
is a transient accumulation of B within cells. This is due to competi- 
tion for outflow between preloaded molecules of substrate A at high in- 
ternal concentration, and newly entering molecules of substrate B, which 
are at a low internal concentration. For the control, cells are not 
preloaded and it is observed that B would not accumulate but would reach 
an internal concentration equal to that in the external medium due to 
simple facilitated diffusion. 

Accelerative exchange diffusion is also known as trans- stimula- 
tion (120). It referes to the observation that the entry or exit of 
substrate may be stimulated by the presence of substrate on the opposite 
face of the membrane. This has been explained by assuming that the car- 


rier-substrate complex traverses the membrane more rapidly than the free 
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carrier. Thus the rate-limiting step in entry or exit would be the re- 
turn (or recovery) of the empty carrier, and this may be accelerated if 
the carrier returns combined with a substrate molecule (128, 178, 184). 
Thus, it was found that for the transport of a cmeticose into red blood 
cells, the rate of entry was higher the higher the internal level of. 
unlabeled (preloaded) glucose (184). 

4, Energy-Dependent Transport 

Energy-dependent transport systems require input of metabolic 
energy and result in the accumulation of solute against its electrochem- 
ical potential. The introduction of energy results in an asymmetry 
such that solute gradients are established. Thus the symmetrical car- 
rier in the facilitated diffusion system, which transports solute across 
the membrane in both directions with equivalent kinetics, differs from 
the carrier in the presence of energy coupling (187). For the E. coli 
lactose carrier, for instance, it has been found (178, 188) that energy- 
coupling reduced the affinity of the carrier for its substrate on the 
inner surface of the plasma membrane. Uncoupling the energy input by 
the use of metabolic inhibitors reduced the Kn for exit about two orders 
of magnitude, whereas the Ka for entry remained constant. 

In bacteria, three different broad classes of energy-dependent 
transport systems are known. In two of these, the energized membrane- 
dependent transport and the periplasmic binding protein-dependent trans-— 
port systems (189-192), substrate is accumulated without modification. 
The former (shock-resistant) type is driven by an electrochemical poten- 
tial of protons (proton motive force) as defined by Mitchell's chemios- 
motic theory (193 - 200). It does not require the presence of 


ATP or a related compound per se and is retained after cold osmotic 
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shock (167) and also in membrane vesicles (180). The proline transport 
system and the lactose transport system in FE. coli are examples. This 
group includes, in addition, the recently discovered Na’ -gradient-driv— 
en accumulation of amino acids in Halobacterium halobium envelope vesi- 
cles (201-203) and glutamate accumulation in membrane vesicles (206) 
and intact cells (204, 205) of E. coli strain 29-78, a mutant strain of 
E. coli B. In these cases, a proton motive force generated by light, 
respiration or ATP hydrolysis (187) creates (by antiport, i.e., simulta- 
neous movement of two solutes in opposite directions mediated presumab- 
ly by the same carrier) a chemical gradient of sodium ions (201, 206). 
The substrate is transported as a ternary complex on the carrier with 
the co-ion, Na‘, (i.e., by symport). 


The periplasmic binding protein-dependent (shock-sensitive) 


type is lost after cold osmotic shock and is absent in membrane vesicles. 


It requires the present of ATP per se or a related compound. The L- 
glutamine transport system in E. coli is a good example. 

The third type of energy-dependent transport is the group trans- 
location system exemplified by the phosphoenol pyruvate (PEP)-dependent 
phosphotransferase system (PTS) (207, 208), which catalyzes the vectori- 
al phosphorylation of sugars in E. coli. This covalent modification of 


the substrate thus prevents exit via the same solute-specific carrier. 


D. BACKGROUND MATERIAL RELEVANT TO THIS STUDY 
1. Consequences of the Lipid Bilayer to Membrane-Bound Reactions 
Implicit in the fluid mosaic model of membrane structure are 


the following facts: 


(i) Since the lipid bilayer constitutes the major permeability 
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barrier of the membrane, the permeant molecule would interact dir- 
ectly with the hydrophobic core of the membrane during passive permea- 
tion. In the case of a protein mediated transport (or a membrane-bound 
enzyme reaction), the substrate may also experience the hydrophobic en- 
vironment, either directly or indirectly (in association with the medi- 
ating protein), during the overall process. 

(ii) The physical state of the membrane lipid fatty acyl chains 
should affect the rate of these processes if some movement within the 
lipid bilayer is part of the rate limiting step, the reaction being 
faster the higher the fluidity of the membrane hydrophobic core, while 
a change in the gel = liquid crystalline phase condition of this zone 
would result in a change in activation energy, Fa. 

(iii) Protein mediators and enzymes involved in these processes 
may require some lipid obligatorily and this lipid requirement may be 
very specific in some cases. 

(iv) Flip-flop rates for membrane amphipathic lipids and inte- 
gral proteins are at a minimum since flip-flop is energetically expen- 
sive. However, lateral and rotational diffusion within the plane of 
the membrane are relatively fast for these components. It is thus like- 
ly that no step in these processes would involve transmembrane diffusion 
of these amphipathic components. 

The following are some experimental evidence in support of each 
of these facts: 

(i) De Gier et al. Q09) and McElhaney et al. (74) observed 


that the activation energy for the passive permeation of a number of 


7) 


polyols in liposomes and in pig and rabbit erythrocytes, as well as through 


A. latdlawii B membranes was dependent on the number of hydrogen 
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bonds broken between the polyol and water (i.e., dehydration) before the 
permeation process. This energy parameter was dependent neither on the 
degree of unsaturation of the membrane or liposome phospholipid fatty 
acyl chains nor on the presence of cholesterol within the bilayer hydro- 
phobic core. It was therefore inferred that both the lipid bilayers and 
the biological membranes are penetrated by single, fully dehydrated 
molecules. This observation, coupled with the dependence of the rate of 
permeation on the fluidity and phase state of the membrane lipids (see 
(ii) below) suggests that these molecules pass through the hydrophobic 
core of the membrane. Sprott et al. (210) have recently demonstrated 
that under sub-maximally energized conditions, the active transport rate 
of a vast number of amino acids belonging to different active transport 
types increased with the hydrophobic nature of the amino acid. These 
results suggest that a common rate-limiting step among the amino acid 
transport systems is the transfer of the substrate from an aqueous to an 
apolar environment. 

(ii) The rate of glycerol or erythritol passive permeation in 
liposomes as well as in intact cells of A. laidlawii B increased with 
increasing fluidity of the membrane phospholipid fatty acyl chains. 

The presence of fatty acyl chains of reduced chain length or containing 
double bonds or branched chains increased permeability in both liposomes 
and cells while introduction of cholesterol in the bilayer decreased the 
rate (74, 209, 211). A decrease in the passive permeation of glycerol, 
erythritol and organic acids has also been observed in porcine and bo- 
vine erythrocytes up to a cholesterol/lipid ratio of 0.6 (212). Glyce- 
rol permeation in human erythrocytes containing cholesterol to varying 


levels, which occurs by facilitated diffusion (213) increased with 
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cholesterol depletion (214). In addition, the passive permeation of 
glycerol and erythritol in A. laidlawii B cells and liposomes assayed 
by the swelling rate method responded to the membrane physical state. 
Normal swelling occurred at high temperatures but at temperatures where 
most of the membrane lipids were determined by DTA to exist in the gel 
state, spontaneous lysis occurred during the assay (74). A gross men- 
brane phenomenon like the growth of these cells (72, 73) and of wild 
type and temperature-sensitive strains of Bacillus stearothermophilus 
(75) also responded to the gel ~ liquid crystalline phase state of the 
membrane. Growth of A. laidlawii B (72, 73) ceased only when the phase 
transition was approximately complete (<10% fluid). Membrane fluidity 
and physical state are also known to control the rate of active trans- 
port of solutes in A. laidlawii B (71), E. coli UFA auxotrophs (14, 58, 67, 
215-219; see also 194, 220 for reviews) and mammalian cultured cells 
(221) as well as membrane-bound enzyme reactions in a variety of cell 
membrane types (67, 77, 78, 106, 107, 222-233). 

(iii) The requirement for lipid in a host of membrane transport 
and enzyme reactions has been extensively documented (18, 222, 224, 225, 
234-255; see also 129, 144 for reviews). In many cases (224, 245-254) 
this requirement is restricted to one or two specific phospholipid 
types. The fluid state of the lipid is a prerequisite for normal func- 
tion. It has been demonstrated that some membrane enzymes require and 
possess a layer of lipid one molecule thick whose properties are modi- 
fied with respect to bulk membrane lipids (18, 101). This is an immo- 
bilized lipid layer and has been termed "boundary" lipid (18), "annular" 
lipid (101) or "intimate" lipid (85). 


(iv) Experiments specifically designed to probe the possible 
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contribution of flip-flop to transport mechanism (i.e., rotating or mo- 
bile carrier mechanism) have so far indicated that transmembrane rota- 
tion of the transport carrier protein does not contribute to the trans- 
location step (122, 123, 125). Specific antibodies were bound to puri- 
fied canine renal (Na ,K*) ATPase (122) or to purified CacteATPase from 
rabbit sarcoplasmic reticulum (125). These antibodies inhibited neither 
the ATPase nor the specific ion transport associated with the system, 
even though the binding of the antibody would have completely prevented 
transmembrane rotation. 
2. Postulated Mechanisms of Mediated Membrane Transport 

Little information is so far available, at the molecular level, 
on the translocation mechanism of mediated biological membrane transport 
(187). Until recently, the two most favoured models depicting the mechan- 
ism of this translocation step were (i) the classical "pore" or "channel" 
model in which lipid-insoluble substances, e.g., ions, are supposed to 
permeate the membrane through water-filled channels penetrating the mem- 
brane, i.e., through a hydrophilic environment, and (ii) the "mobile" 
(or “rotating") carrier model which postulates that transport occurs by 
the attachment of the substrate to a component of the membrane, a "car- 
rier'', which shuttles between opposite faces of the membrane (184, 185). 

Model systems which operate by these two possible mechanisms 
have been designed using the ionophoric antibiotics. They are, respect- 
ively, the pore former antibiotic-mediated ion transport, e.g., gramici- 
din A-mediated KT transport, and the mobile carrier antibiotic, e.g., 
nonactin- or valinomycin-mediated Ke transport in lipid bilayers (256, 
see also 257 for review). Light was shed on the mechanism of operation 


of these two antibiotic types by Krasne et al. (258) who reported that 
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there was a profound effect of the membrane physical state on ion trans- 
port by the mobile carrier, nonactin, but there was no such effect on 
the pore-former, gramicidin A. Cooling the bilayer to the gel state 
eliminated conduction by nonactin but not by gramicidin A. In addition, 
valinomycin-induced Kt efflux in intact cells of A. laidlawii B has been 
shown to decrease gradually with temperature and become zero below the 
gel = liquid crystalline phase transition (259). 

These results looked very attractive because the influence of 
cell membrane lipid fluidity and phase state could be used in a similar 
manner to differentiate between transport by a pore-former mechanism 
from that by a mobile carrier mechanism. Indeed, there are many reports 
in the literature on the influence of membrane lipid fluidity (71, 74, 
209, 211, 212, 214, 218; see also 43 for review) and phase state 
(14, 33, 64, 65, 68, 71, 74, 209, 215-218, 260-264; see also 43, 58, 
144, 220 for reviews) on biological membrane passive permeation and 
mediated transport of solute in microorganisms and in animal cells (221). 
The phase state effects were discerned by correlating temperature breaks 
in Arrhenius-type plots of temperature-dependence of rate with points 
within the gel ~— liquid crystalline phase transition. However, suffi- 
cient as these studies seemed in answering a few isolated questions 
about mediated biological membrane transport mechanism, they suffered 
from the following shortcomings: 

(i) In some studies on energy-dependent transport, the contri- 
butions to the observed results by the response of the energy coupling 
mechanisms to the membrane lipid fluidity and physical state were not 
adequately considered (68, 221, 262, 263)and only the translocation step 


was assumed to have been affected. Interpretations based on such 
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studies may be invalid since in the simplest sense, one can consider 
solute active transport systems as composed of two distinct elements, 
a solute-specific membrane carrier which provides solute recognition 
and translocation and a system for energy coupling (187). 

(ii) Not all the different transport system types have been 
Studied in detail. For instance, among the gram-negative bacteria, ef- 
forts have so far concentrated on the proton motive force-driven trans- 
port of B-galactosides and L-proline as well as the PEP-dependent PTS 
for B-glucosides in E. coli. The only study reported of the membrane 
lipid phase state dependence of a periplasmic binding protein-dependent 
transport system was done over a small temperature range and a limited 
number of temperature points were obtained (265). This would limit the 
amount of information obtainable from these data (g5). Moreover, most 
of the transport system types studied were done in isolation from one 
another and in different cell types. Any general model built from such 
data would suffer from the fact that species differences could intro- 
duce different characteristics in these systems. 

(112)e) Lotmanyastudless (140ms3 G49 655805, acl oa-e21/,m2005 
262-264) only a single substrate concentration was used. However, Sul- 
livan et al. (218) have shown that the sharp breaks in Arrhenius plots 
of initial rates of transport at a fixed concentration of substrate 
might be due to sharp temperature-dependent changes in Kn which cause 
the substrate to become less saturating at temperatures above the tran- 
sition point. This has recently been corroborated by Silvius et al. 
(266). 


3. The Third Model of Transport Mechanism 


It is noteworthy that while the valinomycin or nonactin molecule 


4 
r 


ce ee 
oe Pia oe br) (aadbn 


ee ao 
md agettetae 
’ i be 


Ne 


complexes a Kt ion and exposes an entirely hydrophobic surface to the 
membrane hydrocarbon core (267), the integral membrane proteins presumed 
to catalyze transport are amphipathic and are unlikely to expose an en- 
tirely hydrophobic surface on binding substrate as these antibiotics do. 
The classical mobile carrier, as exemplified by the valinomycin or non- 
actin model, may therefore not apply directly to the biological membrane 
"carrier", A third model for mediated transport translocation step 
mechanism has therefore been proposed by Singer and associates from a 
consideration of thermodynamic principles similar to those wh: 

the fluid mosaic membrane model. It is called the "aggregate rearrange- 
ment" model (12,15) and is mechanistically a hybrid of the pore-former 
and the mobile carrier models, but it is expected to respond like the 
mobile carrier model with respect to membrane lipid fluidity and phase 
state. As previously discussed, the two transport systems specifically 
probed, (Na’ +K*)ATPase and ane ree, did not give evidence of a mo- 
bile carrier mechanism. Nonetheless, the activities of these enzymes 
from the same or different sources do show breaks in Arrhenius plots 
(78, 224, 225, 227, 230, 268). It has*béen postulated’ (1,12) and experi- 
mentally shown (4,02 lem 2e0 23) that membrane proteins may exist as 
oligomers. These aggregates with associated water-filled channels form 
good candidates for potential transport carriers whose topological dis- 
positions and channel dimensions could change on binding substrate, thus 


leading to transmembrane “haulage" of substrate. 


E. OBJECTIVES OF THIS PROJECT 
The objective of this study therefore was to undertake detailed in- 


vestigations of the temperature-dependence of a representative number 
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of the known transport system types in a single strain, a UFA auxotroph- 
ic mutant of E. coli, in the light of the foregoing discussion. Data 
from these studies on the influence of membrane lipid fluidity and phase 
state on the transport systems would be amenable to analysis with regard 
to the possible mechanism(s) of the translocation step in mediated 
transport. Contributions to the results by the effects of membrane 
lipid alteration on the energy coupling system itself would also be 
easily seen. 

Since group translocation results in covalent alteration of the sol- 
ute, it seems to involve a rather more complicated mechanism and does 
not fit the strict definition of active transport which requires that 
solute be accumulated unaltered (187). It was therefore thought better 
to investigate the first two energy-dependent transport system ¢« Ss to- 
gether with a facilitated diffusion system, in conjunction with passive 
permeation. 

It would have been ideal to study the systems in as simple a form as 
possible in order to make interpretations much easier and less equivocal. 
To this end, the study of an active transport system as well as the 
same system with its energy coupling step poisoned would have ensured 
the investigation of the same carrier protein(s) in the presence or ab- 
sence of energy coupling. With such data, it would have been easy to 
discern the contribution due to the energy coupling reaction(s). 
However, treatment of cells during energy-poisoning could result in del- 
eterious effects (178, 187, 190). In this case, the integrity of the 
transport carrier may be affected and so interpretation of data from 
the system would be difficult. Fortunately, however, glycerol is 


thought to penetrate the E. coli membrane either by passive permeation 
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in glucose-grown (GlpF-noninduced) cells or by facilitated diffusion in 
GlpF-induced cells, i.e., cells grown in the presence of glycerol or sn- 
glycerol-3-phosphate (269, 270; see 271 for review). This is the only 
known facilitated diffusion system in E. coli (271) and may be consider- 
ed a prototype of carrier-mediated transport. It was then seen as an 
advantage to investigate this prototypical facilitated diffusion system 
for glycerol as well as the passive permeation of the same molecule in 
noninduced cells. 

For an osmotic shock-sensitive transport system, the L-glutamine 
transport system in E. coli was a particularly good one to study because 
it has been well characterized, is highly specific (169, 272) and does 
not operate via multiple systems. The L-proline transport system was 
investigated as a typical proton motive force-driven transport system. 

Membrane lipid composition was altered by preferential enrichment 
of the membranes of E. coli K1960, a UFA auxotroph in one of a number 
of UFA's which were included in the defined growth media. This auxo- 
troph is deficient in UFA biosynthesis and degradation. It is therefore 
very suitable for manipulation. Other strains of FE. coli used as con- 


trols under various circumstances were K12F , E15 and strain 7. 
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CHAPTER II 


GENERAL MATERIALS AND METHODS 


A. MEDIA AND CHEMICALS 
1. Non-Radioactive Supplies 

The following were purchased from J.T. Baker Chemical Co., 
Phillipsburg, New Jersey, U.S.A.: glucose, anhydrous dextrose, [al-° - 
52.9°, Baker Analysed Reagent; sucrose, crystalline, wie = 66.6°, 
Baker Analysed Reagent; D(+)xylose, [al = +17° to +20°; glycerol, 
anhydrous, 99.5% pure, Baker Analysed Reagent; tris(hydroxymethyl)ami- 
nomethane (Tris buffer), Baker grade; meso-erythritol, 99%. L-proline 
(hydroxy-L-proline free), L-glutamine (crystalline, grade III, 99-1007 
pure), chloramphenicol (crystalline), imidazole, glucose-6-phosphate 
dehydrogenase and glucose-6-phosphate were from Sigma Chemical Co., St. 
Louis, Missouri, U.S.A. Difco supplied vitamin-free casamino acids and 
trypticase soy broth. Ficoll-400 was supplied by Pharmacia (Canada) 
Ltd., Dorval, Quebec. Salt-free egg white lysozyme (11,500 u/mg and 
13,200 u/mg) was purchased from Worthington Biochemical Corporation, 
Freehold, New Jersey, U.S.A. NuChek Prep Inc., Elysian, Minnesota, 
U.S.A. supplied all the unsaturated fatty acids, elaidate (18:1t), pal- 
mitelaidate (16:1t), oleate (18:1c), palmitoleate (16:lc) and linoleate 
(18:2e7c) 5 each ates99 Ze purity: 

All chemicals were used without further purification. 


2. Radioactive Supplies 


Uniformly labeled Le cenrorine {Proline, Lefe4e(u)]=} and 14 6_ 


glutamine {Glutamine, t-[ 4c) ]-3 were purchased from New England Nuc- 


lear Corporation, Boston, Massachusetts, U.S.A. The mice proline came 
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in three batches: batch #1, used for preliminary experiments, had a 
specific activity (SA) of 261 mCi/mmole and was 99% pure according to 


its radiochemical specifications, while batch #'s 2 and 3, used for the 


main experiments, had an SA of 255.0 mCi/mmole and were each 99.2% pure. 


The acer lutani ne was supplied in four batches: batch #1, used for 
preliminary experiments, had an SA of 213.4 mCi/mmole and was specified 
as 98.2% pure, while batch #'s 2 to 4 each had an SA of 251.4 mCi/mmole 
and a radiochemical purity of 98.8%. 
ace atrenine batch #'s 2 and 3 were checked by paper chromato- 
graphy with authentic L-glutamine and L-glutamic acid standards in two 
different solvent systems (see later). This was followed by paper 
radiochromatography as detailed later. The purity of these two Gs 
glutamine batches was found to conform to the radiochemical specifica- 
tions by these procedures. These and the other radiochemicals were 
used without further purification. 

3. Other Chemicals 

All other standard chemicals were of the highest purity avail- 


able and were purchased from standard sources. They were used without 


further purification. 


B. BACTERIAL STRAINS AND GROWTH CONDITIONS 

Four E. coli strains were employed for this study (see Appendix 1). 
Escherichia coli K1060, an unsaturated fatty acid auxotrophic mutant, 
was the generous gift of Dr. David Silbert; wild type E. coli Ki2E« 
was kindly donated to us by Dr. William Paranchych, while the two alka- 
line phosphatase-deficient strains, strain 7 (constitutive for the glp 


regulon) and strain E15 (inducible in glp regulon), were the kind gifts 
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of Dr. Joel Weiner. Strain K1060 was always grown in medium 63 (M63) 
(273) in the presence of unsaturated fatty acid (UFA) (75 Cee) solu- 
bilized with 0.12% (w/v) polyoxyethylene [20 | cetylether (Brij 58), 
thiamine (1 nce 0.3% (w/v) casamino acids and 0.4% (w/v) glycerol 
or 0.23% (w/v) xylose or 0.54% (w/v) glucose or 1% succinate titrated 
to 7.0 with KOH as carbon and energy source. Strains E15 and 7 were 
grown in medium 9 (M9) (274), or M63 with or without UFA/Brij 58, 

and supplemented with nutrients as described for strain K1060. Strain 
K12F was grown on trypticase soy broth (TSB) without supplementation, 
M63 (973) or M9 (274) with carbon source, casamino acids and thiamine, 
but with or without UFA/Brij 58. 

Routinely, cells were grown at 37°C (or 39°C when elaidate~*:pple- 
mented medium was used) with rapid shaking (approximately 170 rev/min) 
in a New Brunswick Scientific Co. gyrotary shaker bath, or for large 
volumes, in a warm room using a New Brunswick Scientific Co. gyrotary 
shaker. 

For the experiments on glycerol passive permeation and facilitated 
diffusion, cells were first grown overnight in a small volume (starter 
culture). This overnight culture was diluted 100-fold in fresh medium 


and the shaking continued till mid-exponential phase (A co AS) nae Ose 


550 
read on a Baush & Lomb Spectronic 20 spectrometer), when the cells were 
harvested by centrifugation at 4°C and 6000 x g for 10 min in a Sorval 
RC-2B centrifuge. Cells had to be harvested within exponential phase 
because growth experiments revealed that incorporation of the exogenous- 
ly supplied unsaturated fatty acid (UFA) in strain K1060 was optimal at 


this phase and metabolic conversion of cis-unsaturates to cyclopropane 


derivatives was minimal (Appendix 2A to D). 
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For the amino acid transport experiments (and also for the isola- 
tion of inner membranes used for DTA), an initial V24-hr starter cul- 
ture was diluted 10-fold to form the final starter, which was then 
grown for another 12 hr. The working culture was a 50-fold dilution 
of the final starter. For transport experiments, this working culture 
was typically 300 ml in a 2-litre Erlenmeyer flask. For inner menm- 
brane isolation, however, much larger culture volumes were employed and 
these were grown in 1l-litre batches, each contained in a 4-litre Erlen- 
meyer flask. The cells were harvested within the exponential phase 
(Acco = 0.45 - 0.6 as read on a Bausch & Lomb Spectronic 20 spectro- 


meter). 


C. SPHEROPLAST FORMATION 

Spheroplasts of E. coli K12F used for swelling rate assays were 
formed essentially as described by Osborn and Munson (139) but using 
tris (hydroxymethyl)aminomethane hydrochloride (tris+-HCl) rather than 
tris-acetate. However, spheroplasts of mutant K1060 could not be 
formed under the ice-cold conditions recommended by these authors due 
to extensive lysis during the dilution stage. Some modifications, 
therefore, had to be employed in which the cells were harvested by cen- 
trifugation at 4°C but all subsequent spheroplasting operations were 
carried out at room temperature. In addition, the dilution step, after 
plasmolysis in 0.75 M sucrose and treatment with lysozyme, was done with 
1.25 volumes of 1.8 mM ethylenediaminetetraacetate (EDTA). These modi- 
fications ensured as high as 98-100% spheroplasting efficiency as meas- 
ured by the ratio of the number of spheroplasts per field of view to the 


total number of spheroplasts plus intact cells in the same field of view 
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of a phase contrast microscope. 
For swelling rate assays, this spheroplast suspension was mixed 
with a spheroplast-stabilizing solution of total osmolality of 1020 


milliosmolal (584 mM sucrose, 20 mM MgCl, in 100 mM tris-HCl, pH 7.5) 


2 
at the rate of 60 ml of spheroplast suspension to 20 ml of this stabi- 
lizing solution and the mixture centrifuged at 8,700 x g for 10 min in 
a Sorval RC-2B centrifuge. The spheroplast pellet thus recovered was 

washed once with the stabilizing solution and spun down again as above. 


It was then finally suspended in a small volume of the spheroplast sta- 


bilizing solution, ready for swelling assays. 


D. INNER MEMBRANE ISOLATION 

The spheroplasts (without treatment with the spheroplast stabiliz- 
ing solution) were lysed by dilution in 4 volumes of ice-cold water and 
the resulting membranes separated on sucrose density gradients as de- 
scribed by Osborn and Munson (139). The only difference was that suc- 


rose solutions were made up in tris-HCl rather than in tris-acetate. 


E. LIPID EXTRACTION AND PURIFICATION 

E. coli whole-cell and membrane lipids were extracted by the method 
of Bligh and Dyer (275). A whole cell pellet from 200 ml of culture at 
Ageg = 0.35 - 0.6 (or inner membrane pellet from ~ 1 litre of culture) 
was suspended in a total of 8 ml of water by tituration. A 20-ml ali- 
quot of methanol was then first added with swirling before 10 ml of 
chloroform was added and the mixture swirled further. This suspension 


was centrifuged at 13,000 x g for 20 min at room temperature. The sup- 


ernatant was saved and the resulting pellet extracted once more in the 
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Same manner, this second supernatant being pooled with the first. To 
this 76 ml of pooled supernatant in a screw-cap bottle were added, in 
order, 20 ml chloroform, 20 ml water and 40 ml more chloroform with vig- 
orous shaking after each addition. The resultant milky mixture was 
centrifuged again at 13,000 x g for 20 min at room temperature, produc- 
ing two liquid phases separated by a protein interphase. The upper 
(aqueous) phase together with the particulate protein interphase were 
removed by aspiration and discarded. The lower (chloroform) phase was 
evaporated to a small volume on a rotary evaporator and then applied to 
a column of 2 g of Bio-sil A (200 - 400 mesh, Bio-Rad Labs, Richmond, 
California, U.S.A.) silicic acid in chloroform. The column was eluted 
with 50 ml of methanol, thus recovering all the lipid material while 
protein and other non-lipid contaminants were retained on the column. 
This lipid extract was then used for differential thermal analysis and/ 


or fatty acid analysis. 


F. FATTY ACID ANALYSES 

Methyl esters of the fatty acids present in the extracted lipids 
were formed by acid-catalyzed transesterification. The volume of the 
silicic acid-purified lipid solution was reduced on a rotary evaporator. 
This sample was taken to complete dryness under a stream of nitrogen 
gas in a screw cap tube (of dimensions, 100 mm by 13 mm) with a teflon 
cap liner, and then 1 ml of anhydrous methanol and 1 drop of concentra- 
ted sulfuric acid were added. This tube was tightly capped and incuba- 
ted for 2 hr at 60 — 70°C. To the cooled contents of the screw cap 
tube was added 1 ml of water. The tube contents were then extracted 


twice with 0.5 ml of hexane each time (while still in the screw cap 
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tube), retaining the upper organic solvent layer and discarding the 
aqueous bottom layer after the second extraction. The pooled hexane 
phase was then dried over anhydrous MgSO, and centrifuged at moderate 
speed for 3 min in a clinical centrifuge. 

The fatty acid methyl esters thus made were analyzed by gas-liquid 
chromatography (GLC) on a 6 ft by 1/4 in column of 10% diethyleneglycol 
succinate (DEGS) on Anakrom 60/70 AS mesh, installed in a Hewlett Pack- 
ard Gas Chromatograph Model 5700A. This instrument was equipped with 
a Hewlett Packard Integrator Model 3370B and Strip Chart Recorder Model 
7128A. Before analysis by GLC, the solution of the lipid sample was 
first taken to dryness under a stream of nitrogen gas and then taken up 
in 10 ul of hexane. Usually, 3 ul of this 10 ul hexane solution was 
applied onto the GLC columm and the analysis was carried out using any 


of the temperature programs shown in Appendix 5. 


G. PROTEIN ASSAY 
Protein was assayed essentially according to the method of Lowry et 


al. (276) with bovine serum albumin as standard. 


H. PAPER CHROMATOGRAPHY AND RADIOCHROMATOGRAPHY 

The purity of radioactive cea tneanine was checked by a combination 
of paper chromatography and paper radiochromatography. Whatman #1 fil- 
ter paper spotted with age nee licen ne and authentic standards of L- 
glutamine and L-glutamate was developed in the ascending mode in one of 
two solvent systems. Solvent system I was a mixture of 100 g phenol 


and 39 ml water with 0.04% 8-hydroxyquinoline (as recommended by the 


New England Nuclear quality control brochure, Boston, Massachusetts) 
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and solvent system II was n-butanol-acetic acid-water (12:3:5 v/v) (277). 
After development, the paper was dried and cut into longitudinal strips, 
each representing one original spot. The strips containing the authen- 
tic standards were sprayed with ninhydrin and heated for V5 min in an 
oven at 100°C. 

Radiochromatography of the paper strips containing the meceeluranine 
spots was performed on a Nuclear Chicago Actigraph III Paper Radiochro- 
matograph equipped with a chart recorder. In order to assist in align- 
ing the paper chromatogram strip with the peak(s) recorded on the chart, 
an extra strip of Whatman #1 paper carrying a colored marker radioactive 
spot was attached to each end of the paper chromatogram strip before a 


scan was run on the radiochromatograph. 


I. LIQUID SCINTILLATION COCKTAIL (TOLUENE-BASED) 
This was prepared by stirring overnight a mixture of 15.748 g of 
2,5-diphenyloxazol (PPO) and 0.210 g of 1,4-bis[2-(4-methy1-5-phenyl- 


oxazolyl)]benzene (POPOP) in 4 litres of toluene (169). 


J. ENERGY-POISONING METHODS EMPLOYED 
1. Method A 
A suspension of K1060 cells grown in the presence of 18:l1c was 


made 30 mM in NaN, and 1 mM in iodoacetate (Nat salt) (188). Chloramn- 


8 
phenicol was added to a final concentration of 80 ug/ml and the mixture 
was incubated at room temperature for 30 min. These cells were used as 


controls during glutamine transport assay without any further centrifu- 


gation (Chapter IV). 
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2. Method B 
A suspension of K1060 cells grown as for method A above was 
made 40 mM in NaN, and 20 mM in a-methyl glucoside (278). Chlorampheni- 
col was added as in method A above. The suspension was then incubated 
at 37°C for 60 min. These energy-poisoned cells were used as controls 


during glutamine transport assay without further centrifugation (Chap- 


ter=LvV)% 
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CHAPTER III 
GLYCEROL UPTAKE IN E. coli: PASSIVE PERMEATION 


AND FACILITATED DIFFUSION 


A. INTRODUCTION 

Nonelectrolyte permeation in cells and phospholipid multilamellar 
vesicles (liposomes) is easily measured by the swelling rate assay. In 
this technique, uptake of the permeant molecules induces water influx 
and the resulting change in volume is monitored spectrophotometrically 
as a change in the absorbance of the suspension. This technique has 
been used for the study of the swelling of erythrocytes in glycerol 
(279), E. coli in lactose (280) and erythritol (281), and liposomes in 
various nonelectrolytes (282, 283). Nonelectrolyte permeation in Achole- 
plasma laidlawii B and derived liposomes suspended in sucrose solution 
has been studied by measuring initial swelling rates following addition 
of permeant solution at the same tonicity as the sucrose solution (71, 
Td, 2299 a2 Ll se 284 )s. A. laidlawii B behaves as an ideal osmometer over 
a considerable range of permeant concentrations and the initial swelling 
rate is linearly proportional to permeant concentration, as expected for 
a passive diffusional process. Results from this technique have given 
ample indication that the nonelectrolyte molecules permeating passively 
through artificial or biological membranes interact directly with the 
apolar core of the bilayer, sensing its fluidity and physical state (74, 
209, 211). It has, therefore, been considered advantageous to extend 
this approach to E. coli where, due to the rather small cell water vol- 
ume and the rapid efflux of low molecular weight nonelectrolytes from 


this organism, many technical problems attend the use of, for example, 
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radio-labelled glycerol to study initial rates of uptake (178). It is 
not practical to make E. coli suspensions isotonic with the permeant 
solution since, under such conditions, the swelling amplitude is small. 
This may be due to the restraining effect of the cell wall on the swell- 
ing of the inner membrane. In practice, therefore, the cells are sus- 
pended in dilute buffer (270, 274) and then mixed with hypertonic per- 
meant solution made up in the same buffer. Thus, plasmolysis first oc- 
curs due to water efflux followed by permeant entry and swelling. Con- 
ventional spectrophotometry, however, can be used to measure only the 
passive process and not the facilitated diffusion, which is much too 
fast for this technique. 

Alemohammad & Knowles (274) have described a stopped-flow spectro- 
photometric assay which can purportedly be used to measure the passive 
permeation of glycerol in noninduced F. coli as well as the facilitated 
diffusion of glycerol into induced cells. The swelling resulting from 
permeant entry leads to an increase in transmittance which is displayed 
on the screen of a storage oscilloscope. The reciprocal relaxation 
time [1/t, corresponding to k of Alemohammad & Knowles (274)] for the 
permeation is calculated from this trace. An inherent limitation in 
this technique, however, is that at low effective glycerol concentra- 
tions (below approx. 70 mM in our hands) swelling cannot be measured 
(274). It is thus not possible to derive Yate and KA values for the 
facilitated diffusion system. The experiments on the temperature-de- 
pendence of glycerol permeation reported herein, therefore, have been 
performed at 400 mM effective glycerol concentration. This concentra- 
tion was assumed to be saturating for the facilitated diffusion system 


since its Kn would not be expected to exceed 10 mM (274). 
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B. METHODS 

1. Cell Growth and UFA Incorporation 

It was found that mutant K1060 incorporates less exogenous UFA 

due to metabolic compensation when grown on glucose than when grown on 
glycerol as carbon and energy source (see Appendix 2A & B). Since glu- 
cose is the classical catabolite repressor of the glp regulon (269, 270), 
glucose-grown cells were used for the investigations on the variation 
of 1/t (and initial swelling rate for conventional spectrophotometry) 
with effective glycerol (or erythritol) concentration. However, in or- 
der to generate comparable fatty acid compositions at each UFA supple- 
mentation in both induced (glycerol-grown) and non-induced cells (for 
the temperature-dependence experiments on glycerol facilitated diffusi- 
on and passive permeation, respectively), a carbon and energy source 
other than glucose was mandatory for the non-induced cells. Xylose 
proved to be a suitable one by the following criteria: (i) the fatty 
acid composition of the cells grown on xylose was comparable to that of 
glycerol-grown cells with each UFA supplement tested (Appendix 2A & C);3 
(ii) aerobic glycerol-3-phosphate dehydrogenase (G3PDH) activity was 
absent in the membranes of xylose-grown strain K1060 cells, just as in 
glucose-grown cells of strain K1060 and strain E15 (Table I), suggest- 
ing that glpF was not induced by growth on xylose (174, 269, 270)e 

2. Preparation of Cells for Swelling Rate Assays 

The cells were washed 3 times at 4°C in either 10 mM imidazole hydro- 
enlon de spHe/- 0. sOteoimMetriseHClL,upHe,.>, containing 1 mM MgCl, (1 mM 


MgCl. was found to be essential for the stability of cells of strain 


a 
K1060 suspended in dilute tris buffer). The final pellet was suspended 


to an A of 0.35 for stopped-flow measurements. It was found, however, 
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TABLE I 


Membrane G3PDH Activity of E. coli K1060 and E15 
Grown with Various Carbon and Energy Sources 


EewcoL_t strain: K1060 E15 


Carbon and energy 
source: Glycerol Glucose Xylose Glycerol Glucose 


Membrane G3PDH 
(SA uM-MTT/min/mg 
cell protein) 
an 9D 2.07+0.56 Nil Nil 13720204 Nil 


Cultures were grown in M63 supplemented with the indicated carbon and 
energy source and harvested as detailed in Chapter II. Mixed inner 
and outer membranes were prepared and G3PDH assay carried out as given 
in "Methods". 
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that using either one-half or twice this cell concentration made no dif- 
ference whatsoever in the values of 1/tT obtained. The suspension was 
then left for at least 8 h at room temperature (21° - 23°C) for restora- 
tion of maximum osmotic sensitivity before use. For the complementary 
initial swelling rate assays employing the Zeiss PMQII spectrophotomet- 
er, the cell suspension was made about 10 times more concentrated. 
3. Permeant Solutions 

Glycerol and erythritol solutions were made up in the same buf- 

fer in which the cells were suspended. 
4, Refractive Index Correction in Solutions 

The synthetic high polymer Ficoll-400 has a high refractive in- 
dex (n) but, since it also has a very high molecular weight, has little 
effect on the osmotic pressure of the medium (274, 285). When Ficoll 
was used, the appropriate amount was added to each permeant (or sucrose) 
solution, as well as to the suspension of E. coli, to bring the refrac- 
tive index of each of these to the same value; refractive indices were 
determined with an Abbe 3-L Bausch and Lomb refractometer. The refrac- 
tive index (n) at room temperature of an aqueous solution of Ficoll-400 
or sucrose or glycerol varied linearly with concentration within the 
range used. With n = 1.3332 for water, the refractive index increments, 
An, were 1.48 x Tee (om ie Ficoll1-400, 5.0 x ii) Tone sucrose and 
0450 ie ona glycerol (see Fig. 1). The osmolality of each solu- 
tion was read from an Osmette S osmometer (Precision Systems, Waltham, 
Massachusetts, U.S.A.) and within the range we used (Table II), showed 
no significant difference when Ficol1-400 was present. Data on tempera- 
ture-dependence of glycerol permeation reported here were therefore ob- 


tained without Ficoll correction for n. 
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FIGURE l. Refractive index correction curves. These solutes are in 
aqueous solution. 


REFRACTIVE INDEX (np, at room temp) 
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TABLE II 


1/t for Glycerol Passive Permeation in E. coli K12F and K1060 
Determined in Glycerol Solutions Either Adjusted or Not 
Adjusted to the Same Refractive Index with Ficol1-400 


ling (KEE La E. coli K1060 
Sie 1/t(sec71) at 25°C (secs) at. 26.2-C 
concentration Ficoll Ficoll Ficoll ELCou. 
(mM) present absent present absent 
100 - - OF 073 0.073 
150 Sle lb 0.109 ~ ~ 
200 0.099 0.093 0.048 0.048 
300 0.077 eon. 0.036 0.036 
400 0.062 0.059 On029 0.029 


E. coli K12F and K1060 were each grown in M63 plus glucose and oleic 
acid. The cells were harvested, washed three times (the former strain 
with 10 mM imidazole-HCl, pH 7.0, and the latter with 5 mM tris°HCl, pH 
7.5, plus 1 mM MgCl2) and suspended to A559 of 0.35 in the same buffer. 
Equilibration was allowed before use (see "Methods"). The refractive 
index of each of one set of glycerol solutions (in the appropriate buf- 
fer) was adjusted with Ficol1-400 to that of the highest glycerol con- 
centration used. 


oe 


5. Swelling Assays 


The swelling in glycerol of E. coli grown in the presence of 
glycerol, glucose or xylose was measured in a Durrum-Gibson stopped-flow 
spectrophotometer (Durrum Instrument Corporation, Palo Alto, California 
U.S.A.), while the initial swelling rates in erythritol, and also of 
glucose-grown cells in glycerol, were measured by conventional spectro- 
photometry using a Zeiss PMQII spectrophotometer. This was set up as 
described by McElhaney et al. (74). During the latter assay, 500 ul of 
E. coli suspension was pipetted into 4.0 ml of hypertonic permeant solu- 
tion in the water-jacketted cuvette containing a high-speed stirring 
bar. 

The Durrum-Gibson stopped-flow spectrophotometer was set up es-— 
sentially as described by Alemohammad and Knowles (274), except that 
the stop syringe assembly in the original apparatus described by Gibson 
& Milnes (286) was retained. This stop syringe activated a microswitch 
as soon as the suspension of E. coli from one drive syringe and the 
hypertonic glycerol solution from the other drive syringe entered the 
cuvette. The initial fast decrease in transmittance at 550 nm resulting 
from plasmolysis of the cells, and the subsequent increase in transmit-— 
tance as glycerol entered the cells, resulted in a trace displayed on 
the screen of a storage oscilloscope. This second phase transmittance 
increase was allowed to continue to an asymptote, whereupon relaxation 
kinetic treatment (287, 288) was applied to calculate 1/t wer for 
glycerol permeation from a photograph of this trace, after having con- 
verted transmittance to absorbance using the Lambert-Beer law. The 
modification made by Alemohammad and Knowles (274), which excluded the 


stop syringe in order to prevent the artifactual volume changes, was 
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not necessary in our apparatus since this would only affect the 1/t for 
the first phase (transmittance decrease) due to water efflux and not 
the 1/t for glycerol entry in which we were interested and which occur- 
red in the second phase (transmittance increase). Experiments were done 
at 550 nm except where otherwise stated. 
Gee CaAlculationsofel/T secu: 

Since cell volume is linearly related to reciprocal absorbance 
(74, 282, and Fig. 2 here), within the range of about 200 milliosmolal 
to at least 400 milliosmolal, change in volume (Avol) is directly pro- 
portional to change in reciprocal absorbance, A(1/A) during the swelling 
of the cells. This has been applied in the calculation of 1/t given 
below. However, Alemohammad and Knowles (274) calculated the rate con- 
stant k ee for glycerol permeation with the assumption that change 
in volume (Avol) was proportional to change in absorbance (AA). We have 
therefore used this assumed relationship for some calculations (where 
indicated) in order to be able to compare our data with those presented 
by these authors. 

As stated above, we applied relaxation kinetics to calculate 
1/t eck. (287, 288) which, for the passive permeation process, has the 
same value as the first order rate constant k sete calculated by Ale- 


mohammad and Knowles (274). Thus: 


Avol = Avol erie 
ic max 


i.e. (vol, - vol.) = (vol, ~ roln) ema 


where vol, = volume at a chosen zero point on the second phase 
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FIGURE 2. Double reciprocal plot showing the relationship between 
cell volume (1/A6509) and reciprocal tonicity using Ficoll correc- 
tion for n. E. coli K1060 was grown in xylose medium (Chapter 
IL) with oleic acid-supplementation. The cells were harvested at 
mid-exponential phase, washed once with 250 mM sucrose containing 
3.365% w/v Ficol1-400, and resuspended in the same solution. Sam- 
ples (50 ul) of this thick suspension were mixed with 3.75 ml of 
sucrose solutions of various concentrations, the refractive indices 
of which had been adjusted to that of the 250 mM sucrose plus 
3.365% Ficoll solution. These suspensions were equilibrated for 
2 min at room temperature and the absorbance at 650 nm determined. 
The osmolal concentration of each of the sucrose solutions was 
also determined. 
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For calculating k, first order kinetic treatment was applied as report- 
ed by Alemohammad and Knowles (274). 
7. Enzyme Assays 

Glucose-6-phosphate dehydrogenase (D-glucose-6-phosphate:NADP* 
oxidoreductase [EC 1.1.1.49]) was assayed as described by Langdon (289), 
using a Beckman DBGT spectrophotometer equipped with a chart recorder. 

Aerobic glycerol-3-phosphate dehydrogenase (EC 1.1.99.5) was 
assayed in membranes (mixed inner plus outer membranes) as well as in 
whole cells, by the procedure described by Schryvers et al. (244). 


8. Preparation of Mixed Inner and Outer Membranes for G3PDH Assay 


This was done as described by Schryvers et al. (244). 
9. Swelling of Spheroplasts 
In some initial experiments, spheroplasts prepared from non- 
induced cells were employed for the swelling rate assay using the Zeiss 


PMQIIL spectrophotometer. This was done in an attempt to find ways of 


averting the possible problems that could arise as a consequence of the 
presence of the cell wall when whole cells were used (174). However, 
in order to keep the fragile spheroplasts stable, a suspending solution 
of non-penetrant sucrose in 100 mM tris HCl pH 7.5 containing 20 mM 
MgCl, of about 1000 milliosmolal total concentration was required. The 
swelling experiments therefore had to be performed in glycerol solutions 
in the same tris buffer made isotonic with respect to this suspending 
medium by the addition of the appropriate amounts of sucrose (see Fig. 
3A - C). These conditions were grossly inadequate for these experi- 
ments because of the very high viscosity of these solutions. All the 
experiments reported here therefore were performed with whole cells for 
this reason. 
10. Differential Thermal Analysis 

It has been demonstrated by Jackson and Sturtevant (61) that 
the DSC scans of whole cells and derived lipids of E. coli K1060 grown 
in the presence of 18:1t are similar. Baldassare et al. (60) have also 
shown that such scans for E. coli inner membranes are in agreement with 
those for the derived lipids. For these reasons, in addition to the 
fact that DTA thermograms obtained from inner membranes using macro 
sample tubes were not cooperative enough to detect, the DTA thermograms 
reported here were obtained from either inner membrane lipids or whole 
cell lipids. In order to avoid the large endotherm for water, these 
lipid samples were dispersed in 50% v/v ethylene glycol, since it has 
been reported (60, 290) that this glycol does not adversely affect the 
DSC scans of E. coli membranes and lipids. Thus, the DTA thermograms 
presented here reflect those of the lipids in situ (60). 


The DTA curves were obtained from a DuPont 900 Thermal Analyzer 
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FIGURE 3A - C. Relationship between millimolar and milliosmolal 
(i.e. milliosmoles/Kg of H90) concentrations of aqueous solutions 
of (A) glycerol, (B) sucrose, (C) higher concentrations of sucrose 
(-e-e-) and sucrose in 0.1 M Tris pH 7.5 (-A-A-). 
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using glass micro tubes with glass beads as a reference material. Ana- 
lyses were done at the highest instrumental sensitivity at heating 
rates of 5 or 10 centigrade degrees (C°) per minute. Cooling rates of 
up to 10 C° per minute could be obtained by circulation of nitrogen 
gas, chilled by passage through a copper coil immersed in liquid nitro- 
gen, through the differential thermal analysis cell. 

The isolation of E. coli inner membranes, and lipid extraction 
from whole cells or inner membranes were done as detailed in Chapter II. 
The solution of the lipid extract was evaporated to dryness on a rotary 
evaporator and then taken up in a minimum volume of chloroform:methanol 
(2:1 v/v). This lipid solution was carefully transferred into the DTA 
micro sample tube using a very-fine-tip micropipet and evaporating off 
the solvent after each small aliquot was added to the sample micro tube. 
The last traces of solvent were removed over P40. in a vacuum oven at 
room temperature overnight. (The sample could be stored frozen at this 
stage, if the need arose, after the tube had been sealed over a flame.) 
Hydration was effected with 50% v/v ethylene glycol added at 2 u1/mg 
lipids and centrifuging in the clinical centrifuge at top speed. This 
ensured expulsion of air bubbles and tight-packing of the pellet, but 
to ensure efficient solvation, it was necessary to seal the tube and 


spin to pack the pellet at each end of the tube alternately. 


C. RESULTS 
1. Relationship between Cell Volume and Reciprocal Absorbance 
Figure 2 relates the variation of reciprocal absorbance at 
650 nm to the reciprocal osmolality of suspensions of E. coli strain 


K1060 in non-permeant sucrose solutions whose refractive indices (n) 
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had been adjusted to the same value with Ficoll1-400 as described in the 
legend to this figure. Since it has earlier been demonstrated in other 
systems (74) that cell volume (1/A) is linearly dependent on the recip- 
rocal tonicity of non-penetrant solute, we surmise that these cells be- 
have as ideal osmometers in the concentration range 200 milliosmolal to 
at least 400 milliosmolal, obeying the Boyle-Mariotte-van't Hoff law 
(285) under these conditions. It is noteworthy that the correction for 
refractive index was essential here where absolute absorbance values 
were measured. In the swelling experiments where changes in absorbance 
were monitored, however, we found that this correction for n was not 
necessary (Table ITI). 
2. Typical Oscilloscope Trace and Calculation of 1/t 

From a typical oscilloscope trace (Fig. 4) a 1/t value of 0.095 
ae has been calculated (Fig. 5). The fact that the plot from which 
1/t was calculated was always a single straight line passing through 
the origin showed that there was no lysis of the cells during swelling. 
This conclusion was supported by the failure to detect glucose-6-phos— 
phate dehydrogenase activity in E. coli suspended in hypertonic glycer- 
ol, unless the suspension was first treated with toluene (273). 

3. Data Treated to Yield First Order Rate Constant k Secs 

Oscilloscope traces at 25°C and varying effective glycerol con- 
centrations were used to yield the first order rate constant k sec. 
(Fig. 6). It is obvious that k decreases in value as the permeant con- 
centration increases between 75 mM and 500 mM. 

Neither the reciprocal relaxation time (1/T Saces) nor the first 
order rate constant (k eo is constant for the passive permeation of 


glycerol in noninduced cells (Tables II and III). The same trend, t.e., 
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FIGURE 4. Typical oscilloscope trace. E. coli K1060 was grown in 
M63 supplemented with oleic acid and glycerol (see Chapter II) and 
prepared as detailed in Methods. The trace shown here was generat- 
ed on treating these cells with 200 mM glycerol at 27.8°C. 
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FIGURE 5. Typical calculation of 1/t a8 Points were taken from 
the second phase (transmittance increase) of Fig. 4. Transmit- 
tance was converted to absorbance using Lambert-Beer Law and the 
calculation effected as described in Methods. 
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FIGURE 6. Data treated to yield first order rate constant k pecia 
for passive glycerol permeation in E. coli K12F . Eee CcOLiek L2ke 
was grown, harvested, washed and resuspended as described in Table 
II. The stopped-flow traces were then treated to yield k sec-l for 


the passive glycerol permeation, with the assumption that AA550 = 
Avolume. 
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TABLE III 


1/t Values of Glycerol Passive Permeation at 25°C in E. coli K12F 
Calculated on the Basis of A(1/A) « AVolume and also, for 
Comparison, First Order Rate Constants k sec-l for the Same 
Process Calculated on the Basis of AA « AVolume 


k(sec7l) at 25°C 


Effective 1/t(sec7l) at 25°C calculated on the 
glycerol calculated on the basis of 
concentration basis of AA < Avol 
(mM) N/A) = Avol (Data taken from Fig. 6) 
ue 0.141 0.144 
150 OLZL 0.139 
200 0.108 0.118 
300 0.077 0.092 
500 0.056 0.073 


E. coli K12F was grown in M9 plus glucose medium without UFA/Brij 58 
as described in "Methods". The cells were washed three times in 10 m™ 
imidazole-HCl pH 7.0, suspended to A550 of 0.35 in the same buffer and 
then equilibrated for 12 hr before use. 
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a decrease in 1/t (or k), is observed irrespective of which parameter 
was measured for change in volume, A(1/A) or AA. In addition, this 
deviation from constancy is not a result of refractive index differences 
since the same values were obtained from the same batch of cells (Table 
II) whether or not refractive index was corrected for. 

As indicated by Fig. 7(A)(i), the deviation from linearity seen 
in the dependence of initial swelling rates on glycerol concentration 
could not be due to the presence of a saturable component contributed 
by some residual level of the glycerol facilitator. Stein (291) report- 
ed that "Ome M me is a potent inhibitor of the glycerol facilitator 
in erythrocytes. Glycerol facilitated diffusion was completely inhibit- 


ed by 5 x Tom M CuCl, in E. coli K1060 grown in the presence of glycer- 


Z 


ol, but CuCl, did not eliminate the anomalous behavior in question. 


2 
The cells used for these experiments on the dependence of passive per- 
meation rate on glycerol concentration were grown in the presence of 
glucose. Glucose is known to repress the permeability of E. coli to 
glycerol (269), probably by catabolite-repression of the synthesis of 
the facilitator protein. Aerobic glycerol-3-phosphate dehydrogenase 

(EC 1.1.99.5) activity could not be detected in cells grown in the pres- 
ence of glucose or xylose (Table I). This result supports the notion 
that glucose-grown cells were noninduced for Glp function, since it 

has been suggested (269) that the system for glycerol facilitated dif- 
fusion in E. coli belongs to the L-a-glycerophosphate regulon described 
by Cozzarelli, Freedberg and Lin (292) to which the aerobic glycerol-3- 
phosphate dehydrogenase also belongs. It should be noted that the same 


trends in variation of 1/t with concentration of glycerol were observed 


with induced cells although the values obtained were much higher. 
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FIGURE 7A. Dependence of initial swelling rates of E. coli K1060 
on glycerol concentration, as measured by conventional spectropho- 
tometry. The cell was grown in M63 plus glucose and oleic acid 
and washed and prepared as described in Methods. (i) Initial 
swelling rates {[(1/A)(d(1/A)/dt) ]hectosec 1}"at 20°C in glycerol 
in the presence of 5 x 10-/ M CuCl9. Calculation of initial rates 
was done on the basis of A(1/A) « Avolume. (ii) Same as (i) but 
initial swelling rates (dA/dt)min-1 at 20°C were calculated on the 
basis of AA « Avolume. *hectosec = 100 sec. 
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FIGURE 7B & C. Dependence of initial swelling rates of E. coli 
K1060 on glycerol or erythritol concentration, as measured by 
conventional spectrophotometry. (B) Initial swelling rates at 
25°C in glycerol solutions the refractive indices of which were 
adjusted to the same value with Ficol1-400. (C) Initial swelling 
rates in erythritol at 30°C. 
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Figure 7B represents the variation of initial swelling rates (of non- 
induced K1060 cells) with glycerol concentration at 25°C in solutions 
whose n values were adjusted with Ficoll1-400. In Figure 7C, the con- 
centration-dependence of initial swelling rates of noninduced K1060 in 
erythritol at 30°C is reported. The non-linearity in the curves is ob- 
vious in both these cases. 
4. The Time-Dependence of the Osmotic Response 

Alemohammad and Knowles (274) did not specify the time of incu- 
bation of E. coli in the dilute buffer before injection of the cells 
into the hypertonic solution of permeant compound. We have observed, 
however, that all four E. coli strains tested were not osmotically sen- 
sitive immediately after washing with, and suspension in, dilute buffer. 
Irrespective of whether the cells were induced or noninduced for the 
glycerol facilitator, they required at least 8 h incubation at room 
temperature before adequate osmotic sensitivity was restored. If swell- 
ing experiments were done soon after suspension of the cells in dilute 
buffer, the amplitude of swelling was small and 1/t values calculated 
from the data were abnormally high. The absence of glucose-6-phosphate 
dehydrogenase in the suspending medium after suspension attested to the 
integrity of the inner membrane at this stage. The inner membrane 
could, nonetheless, be sufficiently leaky to small molecules like gly- 
cerol to prevent normal swelling. 

5. DTA Results 

The differential thermograms obtained for the aqueous disper- 
sions of the extracted lipids from whole cells and inner membranes of 
E. coli are given in Figure 8A and B. The thermograms from lipids from 


whole cells and inner membranes of mutant K1060 grown in the presence 
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FIGURE 8A. Differential Thermal Analysis of lipids from whole cells 
of E. coli K1060 grown with 16:1t- and 18:lc-supplements, as well 
as lipids from inner membranes of 16:1t-grown K1060. A111 the 
thermograms were obtained with lipids dispersed in the presence 
of 50% ethylene glycol as stated in the text (see Methods). 

Ty was established from the cooling curve while Ty, was established 
from the heating curve and Tm* was obtained by comparison of areas 
under the curves (see ref. 72). 


*Tm is used here as an operational definition for the midpoint of 
the broad phase transition when 50% gel phase lipid co-exists 
with 50% liquid crystalline lipid. This definition assumes that 
the enthalpies of all the phospholipid species are the same. 
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FIGURE 8B. Differential Thermal Analyses of lipids from whole cells 
of strain K1060 grown in 16:lc and 18:2c,c and of lipids from 
strain 7. Thermograms were obtained as for Fig. 8A. 
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of 16:1t (Fig. 8A) demonstrate the similarity between these two lipid 
samples and confirm earlier DSC data (61). The phase transition boun- 
daries (T, and tT) and midpoints (Tm) derived from these thermograms 
are collected in Table IV. The values for 18:1t grown K1960 cells giv- 
en in this table have been taken from reference 61. 

6. Temperature-Dependence of Glycerol Uptake 

The foregoing results suggest that the permeation of glycerol 
in noninduced E. coli is complicated, possibly due to the presence of 
the cell wall and periplasmic space in this bacterium (174). The pre- 
cise basis of this complex behavior is unknown. However, it is assumed 
that if it is a consequence of some perturbation of either the inner 
membrane or cell wall (or both), it should not be markedly temperature- 
sensitive. 

With this assumption, the temperature dependence of both the 
passive permeation and facilitated diffusion of glycerol in mutant K1060 
grown under a variety of UFA regimes was studied by the stopped flow 
technique at 400 mM effective glycerol concentration. Similar experi- 
ments with 200 mM effective glycerol concentration gave essentially si- 
milar Arrhenius plots to those obtained at 400 mM glycerol, but the ab- 
solute values of 1/t were a bit higher at the lower glycerol concentra- 
tion. Technical limitations, however, prevented the use of the lower 
glycerol concentrations. 

The data obtained on the temperature dependence of the passive 
permeation of glycerol in E. coli K1060 reveal a marked influence of 
the fluidity and physical state of the membrane lipids on the rate con- 
stant for this process. In Figure 9 , the plot of 1/t for passive per- 


meation against temperature shifts to higher temperatures for cells 
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TABLE IV 


Transition Ranges (Ty - Ty) and Midpoints (Tm) for Lipids 
from Whole Cells of E. coli K1060 and Strain 7 Grown with 
Various UFA Supplements 


Temperature at 
which 50% of men- 


Transition Range brane lipids are 
UFA (Ty to Th) liquid crystalline 
Cells Supplement Go) Tm 
K1060 18:1t* +30° (approx.) +40° (approx.) +38° (approx.) 
16:1t +10° aol +277 
16:l1c -10° +20° +7° 
Iifeke he ages -16° +22° -2° 
18:1c +2° +21° st 
Shae Fi - 0 +32° +15° 


Data taken from Fig. 8A and B. 


* 

Values given here for 18:lt-enriched K1060 were taken from DSC 
scan in Figure 1 of ref. 61 [Jackson & Sturtevant, J. Biol. Chem. 252 
(1977) 4749-4751]. 
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FIGURE 9. The influence of temperature on the 1/t values for gly- 
cerol passive permeation (lower panel) and facilitated diffusion 
(top panel) in E. coli K1060 grown with various UFA's. Cultures 
were grown in M63 in the presence of either glycerol (induced 
cells) or glucose (noninduced cells) together with the UFA. 

Cells were prepared and 1/t values for glycerol permeation ob- 
tained with the stopped flow spectrophotometric assay procedure 
as given in Methods. 
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enriched in 18:1t and to lower temperatures for 18:2c,c-rich cells. 
Oleate- and palmitoleate-grown cells form an intermediate class. Thus, 
passive permeation of glycerol is more rapid when most (or all) of the 
membrane lipid is in the liquid crystalline state than when most (or 
all) of the lipid is in the gel state. 

Differential thermal analysis (DTA) (Fig. 8A and B) and DSC of 
lipids from 18:1lt-enriched E. coli K1060 (61) together with the fatty 
acid profiles (Appendix 3) indicate that the fluidity of the membranes 
should decrease in the following order: LS 22C,C—a- alos lc—) >718:s1c—. > 
18:1lt-cells, which is the order of decreasing transition midpoints (Tm) 
for these cells (Tables IV and VI). This order of fluidity is consis- 
tent with previous reports on the membranes of other UFA auxotrophs (67, 
68). It is also precisely the order of decreasing 1/t values for gly- 
cerol passive permeation in these cells. This is therefore a demonstra- 
tion that the permeating glycerol molcules sense the fluidity of the 
apolar core of the membrane. These results are completely in agreement 
with the increase in the passive permeation of glycerol and other non- 
electrolytes previously reported in A. laidlawii B cells (74, 211) as 
well as in phospholipid vesicles (209), as membrane fluidity increases. 

In the Arrhenius plots shown in Figure 10C and D, no break is 
observed for the passive permeation rate constant in linoleate- and pal- 
mitoleate enriched cells. However, the corresponding Arrhenius plots 
for oleate and elaidate cells (Fig. 10A and B) display biphasic slopes 
intersecting at a characteristic temperature, T° A comparison of the 
areas of the DTA thermograms (Fig. 8A and B) shows that Ty, for nonin- 
duced 18:lc-cells occurs when 70% of the membrane lipids are in the li- 


quid crystalline state. However, Ty for noninduced 18:lt-cells occurs 
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FIGURE 10A. Arrhenius plots of 1/t for glycerol passive permeation 
(top panel) and facilitated diffusion (lower panel) in E. coli 
K1060 cells enriched in 18:lc. Cells were prepared and glycerol 
permeation assayed as given in the legend for Fig. 9. 
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FIGURE 10B. Arrhenius plots of 1/t for glycerol passive permeation 
(top panel) and facilitated diffusion (lower panel) in E. coli 
K1060 cells enriched in 18:1t. See Fig. 10A. 
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FIGURE 10C. Arrhenius plots of 1/t for glycerol passive permeation 
(top panel) and facilitated diffusion (lower panel) in E. coli 
K1060 cells enriched in 18:2c,c. See Fig. 10A. 
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FIGURE 10D. Arrhenius plots of 1/t for glycerol passive permeation 
(top panel) and facilitated diffusion (lower panel) in E. coli 
K1060 cells enriched in 16:lc. See Fig. 10A. 
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near the upper boundary, when all the membrane fatty acyl chains should 
be in the liquid crystalline state as judged from the DSC data in ref- 
erence 61 (see Table IV). The activation energy, Ea, has a higher val- 
ue below T, than above it. The Ea value is constant above Ty for ,13;1¢e= 
and 18:lt-cells and it is the same as that calculated from the slopes 
of the Arrhenius plots for the 18:2c,c- and 16:lc-cell (Table V). Its 
value is, however, slightly lower than expected for a purely passive 
permeation process. This observation is further discussed in a later 
section (see 'Discussion"). Unlike the constant Ea value above Th? the 
Ea value below this temperature varies with UFA-enrichment of the mem- 
brane. 

The rate constant for the facilitated diffusion of glycerol in 
this organism also shows a dependence on the fluidity and phase state 
of the membrane lipids. As can be seen in Figure 9, the dependence of 
the facilitated diffusion rate constant on membrane fluidity parallels 
that for the passive permeation process (lower panel), the 1/t versus 
temperature curves shifting to lower temperatures for 18:2c,c- and to 
higher temperatures for 18:lt-cells. This constitutes a convincing 
piece of evidence that this facilitated diffusion process is faster 
when the fraction of liquid crystalline lipid in the membrane is high 
and that it is slower when most (or all) of the lipid is gelled. This 
is, therefore, a demonstration that a rate limiting step in this medi- 
ated transport mechanism is a movement of the carrier-substrate complex 
within the lipid bilayer. Thus, when the fluidity of this bilayer core 
is high, this movement is enhanced, and inhibition of the movement oc- 
curs as the bilayer fluidity decreases. It is noteworthy, in any case, 


that the rate constant for the facilitated diffusion process at any 
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TABLE V 


Arrhenius Plot Break Temperatures and Activation Energies for 
Glycerol Permeation in E. coli K1060 


UFA Tb 
Supplement CEC) 

Noninduced cells esc aly 
LoS Le 42 

LS 22c5¢ - 

162le = 

Induced cells” 18:1¢ 14 
L8eLt 43 

ihe Ree - 

Gouc s— 


The values shown here were taken from Fig. 10A - D. 


Ea kcal/mole 


Above Th 


15 
16 
16 
15 


12 
12 
13 
12 


Below Ty 


23 
Su) 


* 
It is possible that the values of Ea above Ty reported here for 


glycerol facilitated diffusion have been over-estimated since the faci- 
litated diffusion rate measured is contaminated by a high passive per- 


meation component. 
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temperature is higher than that for the passive permeation. The ratio 


LL/a) ee eee Lia) however, is only V1.5 to 3, probably 


apavirdbrernh 
due to the relatively large passive permeation contribution to the 
Measured apparent rates of facilitated diffusion. 

As was observed for the passive permeation process, the Arrheni- 
us plots for the facilitated diffusion shows only a single straight 
line for 18:2c,c- and 16:lce-cells (Figure 10C and D), while those for 
the 18:lt and 18:lc-cells are biphasic, displaying a T value in each 


of these two latter cases (Figure 10A and B). However, while the Th 
value for induced 18:1lt-cells corresponds to that for noninduced 18:1t- 
cells, the T for 18:lc-cells is lower for the induced than for the non- 


induced case (Table V). Thus, at Ty for induced 18:lt-cells, all the 


membrane lipids are liquid crystalline (Table IV) while at Th for in- 
duced 18:lc-cells, only 58% liquid crystalline lipid exists, as against 
70% in the noninduced 18:lc case. The significance of these observa-— 
tions is further discussed later (see '"Discussion"). 

In addition, these Arrhenius plots for the induced cells differ 
in other ways from their noninduced counterparts. For instance, even 
though the Ea value above the break point (Tt) for induced 18:1t- and 
18:lc-cells, as well as that for induced 18:2c,c- and 16:1c-cells, is 
constant, this constant value is significantly lower than that for the 
passive permeation. This result is consistent with earlier work (71) 
in which it was observed that the Ea value for mediated glucose trans- 
port in A. laidlawii B is lower than that for the passive permeation of 
this molecule. The Ea value below Ty is higher than above it but again 


varies with the UFA supplementation. 
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D. DISCUSSION 

The data presented clearly show that during the swelling of E. coli 
in glycerol or erythritol, some as yet undetermined factors influence 
the parameters measured. Glycerol permeation in glucose-grown E. coli 
is assumed to occur by a passive permeation process (269) and as such, 
tester pacma (or k pecas) should be independent of the permeant concen- 
tration. One therefore expects that the initial rate of passive glycer- 
ol entry should vary linearly as a function of permeant concentration. 
These obvious predictions were not borne out by our results. However, 
for the simple procaryote, Acholeplasma laidlawii B, which lacks a cell 
wall, initial rates of glycerol (and other non-electrolyte) passive 
permeation, as measured by spectrophotometric means, have been found to 
increase linearly with increasing permeant concentration (74). 

These artifacts were still obtained after correction for refractive 
index was effected using Ficoll1-400 (Table II) and they were not elimi- 


nated by the presence of 5 x 107! 


M CuCl, an inhibitor of the glycerol 
facilitated diffusion system. In addition, aerobic glycerol-3-phosphate 
dehydrogenase activity could not be detected in membranes of cells grown 
in the presence of glucose or xylose. It was therefore neither differ- 
ences in refractive index nor some residual level of the glycerol faci- 
litator which caused the artifacts. These complications, together with 
the irregularities in the results published by Alemohammad and Knowles 
(274), have been extensively discussed (174). 

The data presented on the temperature-dependence of passive permea- 
tion and facilitated diffusion of glycerol in E. coli K1060 are in agree- 


ment with previous work and seem to show a consistent correlation with 


the fluidity and physical state of the membrane lipids. This suggests 
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that the anomalous variation of 1/t with glycerol concentration for the 
passive permeation process does not affect the temperature dependence 
data, at least to any serious extent. Also, the contribution of pas- 
sive permeation to the measured facilitated diffusion does not seem to 
affect the qualitative conclusions derivable from these results in view 
of the following observations: (i) The facilitated diffusion rate con- 
stant at any UFA-enrichment and constant temperature is higher than the 
corresponding value for the passive permeation. (ii) The activation 
energy (Ea) above Ty, is lower for the facilitated diffusion than for 
the passive permeation. This is in accord with a published report on 


the Ea of the mediated transport of glucose in A. laidlawii B (71). 


The lipids from 18:2c,c- and 16:lc-cells display a rather broad gel 


to liquid crystalline transition ranging from -16°C to +22°C for 18:2c,c- 


and from -10°C to +20°C for 16:lc-cells (Table IV). The minimum ten- 
perature at which assays were done fell within the broad transitions of 
these two membranes, so that at the lowest experimental temperatures 
more than 50% of the lipids were liquid crystalline (i.e., >Tm). Con- 
sequently, the Arrhenius plots for either passive permeation or facili- 
tated diffusion in these cells show no breaks. The activation energy 
for passive permeation calculated from the slope of each plot was simi- 
lar to that from the slope above the break point of the Arrhenius plot 
of glycerol passive permeation in 18:lc- or 18:1t-enriched cells. The 
Ea for the facilitated diffusion in 18:2c,c- and 18:lc-enriched cells 
and, above T,, for 18:lc- and 18:1lt-cells, was lower than for the pas- 
sive process and was also independent of UFA-supplementation. However, 
the Ea above T, for passive permeation (= 15.5 kcal/mole) was lower 


b 
than the value predicted (= 18 kcal/mole) from earlier reports (74, 
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209), considering the number of hydrogen bonds with water to be broken 
for complete dehydration. The cause of this difference is uncertain. 
It may be due to either some unexpected effects of the cell wall (174), 
or to some residual level of the glycerol facilitator present when xy- 
lose is used to generate noninduced cells. This second possibility is, 
however, unlikely considering that, as demonstrated in Table I, G3PDH 
activity was completely lacking in the membranes of xylose- as well as 
glucose-grown K1060. Moreover, when noninduced cells were generated by 
growing mutant K1060 in medium supplemented with xylose and a-methyl- 
glucoside (aMG), which is a non-metabolizable catabolite repressor of 
glycerol permeability in Salmonella typhimurium (293), the Ty, and Ea 
values obtained from the Arrhenius plot were essentially identical to 
those obtained with cells grown in xylose (data not presented). It was 
observed, however, that when cells grown in the presence of glucose and 
18:lc were used, the Ea above ty was about 18 kcal/mole. However, Ty 
was = 20°C since (as given in Appendix 2) membrane fluidity is lower 
due to decreased UFA incorporation. It is therefore difficult to esta- 
blish what the cause of the low Ea could be for xylose-grown cells. 

The break temperature in the Arrhenius plot for 18:lt-cells corres-— 
ponds to the point at which all the membrane acyl chains are flexible 
(see ref. 61) and the temperature is the same for the induced and non- 
induced cases. However, for 18:lc-cells, the break temperature Th is 
within the phase transition range, as revealed in the DTA data (Fig. 
8A and B) and differs for the induced as compared to noninduced case 
(Table V). The variations in the manifestation of Ty, between 18:1t- 
and 18:1c-grown cells may be due to the fact that there is more homoge- 


neity in the membrane lipids of 18:1t- than of 18:lc-cells. Considering 
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the fatty acid compositions of K1060 cells grown on different UFA's 
(see Appendix 3), the 18:1lt-cells would contain a higher percentage of 
the membrane lipids having two 18:1lt moieties per molecule as compared 
to 18:lc-membrane lipids which contain two 18:lc moieties per molecule. 
The lipids of 18:1t membranes are thus less heterogeneous (more homo- 
geneous) than lipids of 18:lc-cells. This correlation is consistent 
with that offered by Esfahani et al. (67), who observed that transition 
temperatures for L-proline uptake and succinate dehydrogenase activity 
are relatively close to each other in membranes of 18:lt-cells but not 
in 18:lc- or 18:3c,c,c-cells. The break temperatures for membranes 
from cells enriched in 18:1t, 18:le and 18:3c,c,c were respectively 
26°C, 18°C and 14°C for proline transport, while for succinate dehydro- 
genase activity in these same membranes, they were 22°C, 11°C and 23°C 
respectively. Thus the glyercol facilitator in 18:lc-cells may be as- 
sociated with some phospholipid molecules containing two unsaturated 
acyl chains. These lipid molecules would then be lower-melting than 
the bulk lipid so that the Arrhenius plot of the activity of the faci- 
litator under these conditions would exhibit a lower Ty than the passive 
permeation case, in which the glycerol molecule itself experiences the 
average state of the bulk membrane lipid. In the case of the 18:1t 
situation, on the other hand, the high incorporation of 18:lt creates a 
high degree of homogeneity. This is enhanced by the fact that the melt- 
ing behavior of these 18:1t acyl chains is close to that of the endoge- 
nous saturated fatty acids which are also present in the membrane li- 
pids (67). It may therefore be difficult to discern any subtle differ- 
ences between the bulk membrane melt and that which could be ascribed 


to the presence of any lipid closely associated with the facilitator. 
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The Ea values below Th for 18:lc- and 18:1t-cells are not the same and 
this variation does not seem to follow any predictable trend. The true 
significance of this variation is obscure at present. 

It is obvious from these results that both the mediated and non- 
mediated permeation of glycerol in E. coli K1060 are dependent on the 
fluidity and physical state of the membrane fatty acyl chains. Thus 
the substrate in the case of passive permeation, and probably the sub- 
strate-carrier complex in the mediated case, have, as a common feature, 
a rate-limiting movement within the lipid bilayer during the transloca- 
tion step. We then conclude that neither the passive permeation nor 
the facilitated diffusion of glycerol occurs through a fixed aqueous 
channel. More experimental evidence is required, however, to be able 
to differentiate between the mobile carrier and the aggregate rear- 
rangement models. In any case, the thermodynamic arguments of Singer 
and associates (1,12,15) would tend to favour the latter model. 

It is interesting to note that this glycerol facilitated diffusion 
system differs from the facilitated diffusion systems for glucose and 
uridine, both of which are native to the human erythrocyte membrane. 
Read and McElhaney (294 ) demonstrated that these two systems did not 
respond to alterations in the membrane fluidity and physical state. 
This is intriguing because these two systems of the human red blood 
cell membrane appear to operate mechanistically differently from the 
glycerol facilitated diffusion system in E. coli. 

It may be possible, however, that the aggregate rearrangement mech- 
anism is the general (or more common) mechanism for translocation in 
mediated transport. The fixed pore situation could be envisioned as an 


extreme case for this general model. For the fixed pore case, the 
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aggregate exists, but the disposition of the individual subunits would 
be much more rigidly fixed (than in the classical aggregate rearrange- 
ment situation) and an aqueous channel of a fixed (or partially fixed) 
dimension, traversing the cell membrane, would be enclosed. Substrate 
specificity of the channel would then depend on the molecular confor- 
mation of the binding site and that of the channel. Such a model may 
exhibit only subtle changes in the conformations and/or topological 
dispositions of the subunits during the binding and translocation of 
substrate, and such small changes may not be detectable under certain 
experimental conditions. Alternatively, such conformation changes may 
not, in certain systems, depend significantly on the fluidity or phase 
state of the bulk membrane lipids. This framework completely accommo- 


dates the observations of Read and McElhaney (294) mentioned above. 


CHAPTER IV 
ACTIVE AMINO ACID TRANSPORT IN ESCHERICHIA COLI: 


L-GLUTAMINE TRANSPORT 


A. INTRODUCTION 

Gram-negative bacteria release a number of enzymes (peri- 
plasmic enzymes) and low molecular weight (¥30,000 daltons) binding 
proteins (periplasmic binding proteins, PBP) (168, 272, 295) when 
they are subjected to mild osmotic shock as described by Neu and 
Heppel (167). These same groups of proteins are also released during 
the conversion of cells to spheroplasts (173). The PBP's reversibly 
bind substrates of specific active transport systems and are believed 
to act as the recognition site for these systems (272, 295). In 
gram-positive bacteria, enzymes corresponding to the periplasmic en- 
zymes of gram-negative bacteria have been recognized but these are 
either membrane-bound (e.g. penicillinase of Bacillus licheniformis) 
or secreted into the medium (e.g., alkaline phosphatase of Bacillus 
subtilis). Binding proteins have also been obtained from animal tis- 
sues and by modifications of the shock procedure, have also been ob- 
tained from eucaryotic microorganisms, e.g. Neurospora crassa (272). 

In gram-negative bacteria, a veriety of PBP-dependent active 
transport systems have been identified for substrates belonging to 
different classes of compounds, e.g. amino acids, inorganic ions, 
sugars and vitamins. A single substrate may, however, be transported 
via more than one kinetically and genetically distinct system(s) op- 
erating simultaneously in the same organism (see 272, 295, 296 for 


review). Leucine, for instance, can be accumulated in E. coli via a 
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high affinity leucine-specific PBP-dependent system, a high affinity 
system (LIV I system) common to all three branched chain amino acids 
(leucine, isoleucine and valine), as well as via a low affinity (LIV 
II) system not dependent of a PBP (297, 298). Each of the basic amino 
acids (arginine, lysine and ornithine) can be transported in E. coli 
by at least four systems, one high affinity system (LAO system) 

common to all three and one low affinity system specific for each one 
(299, 300). The same situation may also exist in Salmonella typhi- 
murium (300, 301). Galactose transport in E. coli (302, 303) and S. 
typhimurium (304), as well as histidine accummulation is S. typhi- 
murium (305, 306)» and aromatic amino acid transport in E. coli (307), 
also operate via multiple systems. Studies of the translocation step 
in PBP-dependent transport are thus complicated by this involvement of 
multiple systems. The L-glutamine system in E. coli, therefore, is 
most suited for these kinds of studies. This system has been very 
well characterized; it is highly specific for L-glutamine and no oth- 
er natural amino acid competes for active transport. The single 
shock-releasable binding protein for glutamine appears to be homoge- 
neous as judged by several criteria and binds 1 mole of glutamine 

per mole of protein (169, 272). In addition, this L-glutamine system 
is suitable for studies with whole cells since it has been found that 
the kinetic parameters of uptake are the same in the absence or pre- 
sence of azaserine, an inhibitor of y-glutamyl transfer reactions. 
Also, a large excess of glutamate, the immediate metabolic product 


from glutamine does not change these parameters (169). 
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B. METHODS 
1. Bacterial Strains and Growth Conditions 

E. coli K1060 and strain 7 were used for siCoplutamine uptake 
studies. Mutant K1060 was always grown in M63 supplemented with nu- 
trients and glycerol as carbon and energy source plus one of five 
UFA's (18:le, 16:1c, 18:1t, 16:1t or 18:2c,c). Strain 7 was cul- 
tured in M63 containing 1% succinate (titrated to pH 7.0 with KOH) 
and nutrients but without UFA/Brij 58. Other growth conditions were 
as detailed in Chapter II (Materials and Methods). 

2. Preparation of Cells and iGeCharamine Uptake Assays 

(a) Procedure A 

Cells were harvested by centrifugation at room temperature in 
a Sorvall RC-2B centrifuge at 15,000 x g for 5 min. The pellet was 
washed two times by resuspension in M63 buffer (without any nutrients 
or other supplementations) and centrifuged at 15,000 x g for 5 min 
each time. The final pellet was then resuspended in M63 buffer to a 
concentration of 1gwet cells to 20ml M63 buffer (1:20 cell suspen- 
sion). Graded dilutions (1:40, 1:80, 1:160, 1:320 and 1:640 suspen- 
sions) of this stock (1:20) suspension were made and these were stored 
at room temperature with occasional stirring to prevent clumping. 

Immediately before uptake studies, to a 500 ul aliquot of 
cell suspension were added 10 yl of 1M glucose in M63 buffer and 20 
ul of 0.2g% chloramphenicol in M63 buffer. This mixture was then in- 
cubated at the desired working temperature for exactly 2 mins. A 


20 wl aliquot of this treated cell suspension was then quickly mixed 


with a rapidly stirr-d 485 ul of Le cee loramine solution of the 
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appropriate concentration in M63, which contained glucose and chlor- 
amphenicol at the same level as in the cell suspension, and which had 
been pre-incubated at the same working temperature. A sample (200 
ul) of this transport assay mixture (total vol. 505 ul) was quickly 
withdrawn at two appropriate time intervals and filtered by suction 
through 24 mm nitrocellulose filter (type HA, 0.45 u pore diameter, 
Millipore Corporation, Bedford Massachusetts or Matheson Higgins 
Incorporated, Woburn, Massachusetts) which had been pre-soaked in 
M63. The trapped cells were immediately washed by suction with 10 
ml of M63. The filter was then dried over a hot plate maintained at 
~40°C. The filtration apparatus was a 10-place microfilter assembly 
equipped with a pressure guage (Hoffer Scientific Instruments, San 
Francisco, California). 

For the determination of the linearity of the time course 
of uptake, the volume of the transport assay mixture was doubled and 
4 time samples were taken at each concentration of glutamine. During 


studies on the temperature-dependence of glutamine uptake, an appro- 


priate cell suspension and appropriate sampling times were chosen such 


that not more than 10% (or about 20% in some cases, see Results) of 
the total available radioactivity was accumulated in the cells in 
order to ensure against the depletion of substrate. These sampling 
times ranged from 6.5 sec at high temperatures to 3 mins at low 
temperatures. 

(b) Procedure B 

Cells were harvested and washed two times with and finally 
suspended in Tanaka minimal medium (169) to the same concentration 


as in procedure A. Glucose and chloramphenicol were added to the same 
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level as in procedure A and these treated cells were stored in an ice- 
water bath before use. 

For the transport assay, 500 ul of these treated cells was 
incubated for 5 min at the desired temperature and an aliquot of 20 
ul was mixed with 485 ul of the appropriate concentration of nts bis 
tamine in transport buffer (308). At an appropriate sampling time, 
200 ul of this reaction mixture was quickly filtered, as in procedure 
A, through 24 mm nitrocellulose filter (type HA, 0.45 u pore diameter) 
presoaked in phosphateless (A-P) buffer (308). Washing was immedi- 
ately effected as in procedure A, but using 10 ml of a buffer contain- 
ing 10 mM Tris HCl, pH 7.3, 150 mM NaCl and 0.5 m™ MgCl, GL69):. 

The other operations were done as detailed in procedure A. 

3. Liquid Scintillation Counting 

These filters were collectively dried further in scintil- 
lation vials in an oven at 50° to 60°C for ~1 hr before counting in 
5 ml of toluene-based scintillation cocktail (169, see preparation as 
given in Chapter II) using any of three Beckman Liquid Scintillation 
System models (LS-200B, LS-230 and LS-330). 

Cells poisoned in energy metabolism (see Chapter II) and 
assayed for transport in the same way as normal cells did not show 
significantly higher radioactivity (cpm) than control runs. The con- 
trol runs consisted of filtering and washing 200 ul of the ne cee tas 
tamine solution in the absence of cells. These controls were run 
routinely and the experimental cpm at the appropriate Cee it amine 
concentration corrected by subtracting the control value. 


The counting efficiency of the liquid scintillation counter 


was routinely checked by counting in duplicate a known amount of 
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radioactivity (disintegrations per minute, dpm), usually 10 ul of 

each aceaiaeamine solution, dried on the nitrocellulose filter. This 
was used to correct the sample cpm during the calculation of the in- 
itial rate of transport, i.e., the nmole glutamine accumulated per 
minute per mg cell protein. The method used to calculate initial 
rates of transport from the experimental data is given in Appendix 


a 


Coe RESULTS 
1. Time Course of 14o_clutamine Uptake 
By adequate manipulation of cell concentration and sampling 
time as temperature was changed, as much as 10% of the total available 
radioactivity could be accumulated without any appreciable change in 
the initial rate of uptake measured. This is illustrated in Fig. 11 
in which four time samples were taken at each glutamine concentration 
tested. Subsequently, two sampling times were employed, allowing for 
less than 10% depletion of radioactivity. However, for mutant K1060 
grown in the presence of 18:2c,c or 18:lt, reproducible results were 
obtained only when as high as 20% of the total available radioactivity 
was accumulated. Under these condition, samples removed at the two 
time intervals gave the same initial rate of uptake. 
2. Concentration Range of L-Glutamine Employed 
Fig 12 reveals that the Ra for ceetoranine uptake in E. 
coli strain 7 is less than 0.1 uM, if substrate concentrations of up 
to 1.25 uM glutamine are considered. Above this concentration, the 
Lineweaver-Burk plot displays a rather steep slope. The high Ra 


values obtained above 1.25 uM may be due to participation of non- 
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FIGURE 11. Time course of L-glutamine uptake in E. coli strain 7 
ate 4 s2eC. Cells were prepared and 14c-glutamine uptake assayed 
as detailed in Methods. The following 14C-glutamine concentrations 
were employed: 0.0574 uM (-m-m-); 0.1158 uM (-A-A-)3; 0.1446 uM 
(-A-A-); 0.2307 uM (-0o-0-); 0.4614 uM (-e-e-). 
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specific systems at these high substrate concentrations. The mean 
Ka calculated in this experiment considering the range 0.031 - 1.25 
uM L-glutamine is 0.075 * 0.015 uM at all temperatures assayed. This 
value is in accord with published results for this strain (169) and 
shows that Kk is invariant with temperature. A similar experiment 
using mutant K1060 supplemented with 18:lc yielded similar values. 

Ka is also independent of the UFA enrichment of the cells as demon- 
strated by subsequent experiments (Fig 13A-C). All experiments on 
the temperature-dependence of Ka and Mfaja ed for meee ia tame uptake 
reported here for these two E. coli strains were performed with a 


concentration range of 0.05 to 0.5 uM a Cee trainee 


3. Treatment of Data for K_ and V 
ema KX 


The double reciprocal plot of Lineweaver and Burk (186) 


was used in some experiments while the Hanes' plot (186, 169) was used 


in others. In the Hanes" plot, BL. is plotted as a function of [S], 


where v is the initial rate at a particular substrate concentration 


cs [S] ; 
[s]. The [Ss] intercept is Rh while a en intercept is HAI 
14 


x’ 


4, Temperature-Dependence of Ka and MPa for  C-Glutamine Uptake 


The Ka for glutamine transport remained constant within 
the temperature ranges employed. Figure 12 and the Hanes' plots 
in Fig. 13A - C illustrate this fact. Arrhenius plots of the 
ee values obtained at different temperatures are given in Fig 14A 
TORE melvOoLestLaings., iege increases with temperature up to the highest 
temperature probed (40°C) and the Arrhenius plot (Fig 14A) is clearly 
biphasic, displaying a characteristic break temperature (T,)- The 
Vere for the mutant K1060, however, increases with temperature only 


up to an upper temperature limit (UTL). The value of this UTIL is 


110 


STA 


nee st? .teottameento <a ps 2a emcees 
(6.2 sgney edo qutvebieess teastaegee anes af bosahiaiet g 

oteteqmny Dia ga Me ERE ps 8,0 wt sale tnignd 
1) classe elt +e) watuaet bait hdd avtw Sroxte at 9k 
ee 
vctey eatiete bebtane ofRt dade Recher lggpe 000G% saetueg 
rrsinseas AVS ech 32 tonbeagshee coals a3 S 


—s ie “| > aie 7 5 
cae S ; AEL BS) a er ache peed “ot bee 
yt oo tm ae ee ¥ tue | %o ceebengob-a anil 
| oa ee 
hesyotees vee pebsare 2165. 2 ae0 ebada! tet ares 


siieetnlia~y “Sa 4 a4. 20.0 2o Senes rolvet ste 


; 


id 


ries fo) st Jo aimeteh oat Ca 


Bean. 


_ > iy Beit anos 183 atdped edt 


2 wa SEATS 7eay «SS 


eet). 2 ‘pean bd alldw coma pageee eran is ae 


s 2 6s 


ie) 
le caigsme? © on bé6teeig of AS... 20168 \ pasintt ‘oft a 
: ¥ 


en tsactsasons) sie tredus thio Aseey BS $5 S363 fatzing sA3 al 


FS at dqorseta! 42h nag ostdw A at sqsous¢ak 2] Wr - 
xan fe | 


aia 


} am! 
4 
4 
t 
7 7 -»% 
lettin ieee 

>, 

- > : 


FIGURE 12. Lineweaver-Burk plot of the variation of initial rates 
of 14c-glutamine uptake with glutamine concentration in E. coli 
straing/eateziec. Cells were grown and prepared, and 14¢-gluta- 
mine uptake assay carried out, as given in Methods. Ten concen- 
trations of L-glutamine (in the range 0.03 - 20 uM) were employed. 
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FIGURE 134A. Hanes' treatment of data for the calculation of K, and 
Vmax Values for 14c-glutamine uptake at various temperatures in 
16:lc-enriched K1060 cells. Assays were performed as detailed in 
Methods. The following Km and Vmax values were obtained at the 
indicated temperatures: 


Vmax 
Temp Kn (nmole/min/mg 
Symbol fe (uM) rotein 
-A-A- 11.0 02063 Oa25 
-A-A- 350 05053 0.49 
~@-8- aera) GO.076 0.76 


—0-0- LETS) 0.048 0.96 
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FIGURE 13B. Hanes’ treatment of data for the calculation of Ky and 
Vmax values for 14c-glutamine uptake at various temperatures in 
18:2c,c-enriched K1060 cells. Assays were performed as given in 
Methods. The following Km and Vmax values were obtained at the 
indicated temperatures: 


Vmax 
Temp Kn (nmole/min/mg 

Symbol C26) (uM) protein 
-A-A- i 0.065 0.59 
-A-A- 20.0 0.073 0.91 
-@-6- 2520 0.086 eo 
-0-0- 26.0 0.087 ee, 
-i-E- 29.0 OF 07,0 128 
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FIGURE 13C. Hanes' treatment of data for the calculation of K, and 
Vmax values for 14¢-glutamine uptake at various temperatures in 
18:1lc-enriched K1060 cells. Assays were performed as given in 
Methods. The following K, and Vmax values were obtained at the 
indicated temperatures: 


Vmax 
Temp Kn (nmole/min/mg 
Symbol GAG) (uM) protein) 
-A-A- 9.0 0.063 0.14 
-A-A- PSO 0.060 0.26 
~@-@- Lo sO 0.038 Oeaz 
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peculiar to each UFA supplement and is always below the growth temp- 
erature of 37°C (39°C for 18:1t-supplemented cells). Above the 
ULL, vee starts tO decrease with temperature (or otherwise to become 
aberrant), until at some higher temperature, the transport kinetics 
no longer follow the Michaelis-Menten equation (186), i.e., the data 
cannot be treated in conventional fashion to yield a a and Ka values. 
The absolute amount of radioactivity accumulated per unit time per 
unit cell protein within the initial rate period, at each glutamine 
concentration, actually decreases with temperature above the UTL. 

Below the UTL, and down to the minimum temperature at which 
assays were done, data derived from 16:1t-, 18:1lc- and 16:1c- 
cells yield (biphasic) linear Arrhenius plots (Fig 14C - E), each of 
which has a break at a characteristic temperature (T)- The Arrhen- 
ius plot (Fig 14F) of 18:2 c,c-enriched cells, however, shows a smooth 
curve below the UTL. 

Figure 14B is the Arrhenius plot of L-glutamine transport 
in 18:1t -enriched K1060 cells. The plot shows the general phenomena 
seen in the other K1060 cases. It should be noted that Fox and 
associates (58, 64) had earlier reported a similarly shaped Arrhenius 
plot for the initial rates of B-glucoside transport in another UFA 
auxotroph of E. coli. They attributed the peculiar behaviour at 
higher temperatures (UTL here) to changes in the lateral compress- 
ibility of the membrane. The data presented here are not in support 
of the explanation offered by these authors, but suggest instead that 
the behaviour above the UTL may be due to defects in energy coupling 


(see Discussion"). 
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FIGURE 14A. Arrhenius plot of Vpax values for L-glutamine uptake 
intk eCcOLuestraine/:, Vmax values were derived as given in the 
text (see Methods). 
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FIGURE 14B. Arrhenius plot of Vmax values for L-glutamine uptake 
in E. coli K1060 enriched in 18:1t. Vmax values were derived as 
given in the text (see Methods). 
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FIGURE 14C. Arrhenius plot of Vmax values for L-glutamine uptake 
intEs coligkl060 enriched in 16:1¢. Vmax values were derived as 
given in Methods. 
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FIGURE 14D. Arrhenius plot of Vpax values for L-glutamine uptake 
in E. coli K1060 enriched in 18:lc. Vmax values were derived as 
given in Fig. 13C. 
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FIGURE 14E. Arrhenius plot of Vmax values for L-glutamine uptake 
in E. coli K1060 enriched in 16:lc. Vmax values were derived as 
given in Fig. 13A. 
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FIGURE 14F. Arrhenius plot of Vmax values for L-glutamine uptake 
in E.coli k1060)enrichedsing |os2c.c. Vmax values were derived 
as given in Fig. 13B. 


IN Vmax 


lOOO/ T°K 
3.2 34 


KIO6O 
I8:2 C,C 
L- Gln uptake ® 


36 


D. DISCUSSION 

The data presented in this chapter clearly demonstrate a profound 
dependence of L-glutamine transport ve on the physical state of the 
membrane lipids. The Kh for this process, however, is invariant with 
either temperature or membrane lipid physical state both in the mutant 
K1060 grown in various UFA supplements and in strain 7, the mean value 
obtained in different determinations being close to the 0.08 uM pub- 
lished by Weiner and Heppel (169). von for L-glutamine transport in 
strain 7 increases with temperature as expected up to the highest tem- 
perature (40°C) at which assays were done. However, mutant K1060 dis- 
plays a peculiar phenomenon in that espe, increases as expected with 
temperature only up to a limit (the upper temperature limit, UTL). 
Beyond this temperature, which is unique for each UFA enrichment, 
ee begins to decrease or otherwise becomes aberrant. In view of 
this unique behavior, information about the influence of membrane li- 
pid fluidity on these kinetic parameters Laos and KD for this trans- 
port system could not be derived from these results. 

Every UFA supplementation except 18:2c,c gives an Arrhenius plot 
of Nips below the UTL for glutamine transport in K1060 which is bi- 
phasic, displaying a Th characteristic of the particular UFA. Strain 
7 shows no UTL and the Arrhenius plot of vane is biphasic, oo in- 
creasing with temperature as expected up to at least 40°C. Tables IV 
and VI, Fig. 14A to F, and a comparison of the areas of the DTA ther- 
mograms in Fig 8A and B (and see also ref. 61), reveal that the break 
Ty, in the Arrhenius plot is slightly below T) for mutant K1060 grown 


on 18:1t, but occurs at a point when 212, V5 5% and 97% of the membrane 


lipids are in the liquid crystalline state for 16:1lt-, 18:lc-, and 
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16:lc-grown K1060 cells, respectively, The Th thus follows the trend 
predictable from the relative fluidities of these membranes as judged 

by the lipid phase transition midpoints (Tm), but differs in how far 

Th lies from Tm (Tables IV and VI), fe., Th - Tm. However, this dif- 
ference (T, - Tm) correlates well with fluidity, being highest for the 
most fluid membranes (18:2c,c) and lowest for the least fluid (18:1t) 
membranes. The DTA data thus indicate that relative fluidities decrease 
in the order, 18:2c,c- > 16:lc- > 18:lc- > 16:1t- > 18:1lt-cells, and 

for the least fluid 18:lt-cells, Ty is at or slightly below Ty (i.e., 

<< Tm). For 16:lt-, 18:lc- and 16:lc-cells, respectively, T, is below 


b 

Tm, around Tm (slightly higher) and above Tm. It is noteworthy that 
for the most fluid membranes (18:2c,c) the point at which the Arrhenius 
plot curves off is around 20° to 23°C and at this point more than 972 
of the lipids are liquid crystalline. The data for strain 7, wild-type 
in fatty acid metabolism, is in accord with this trend. At Ty (16°C) 
which is only slightly higher than Tm (15°C) the liquid crystalline 
mole fraction is 55% and so, on the basis of fluidity alone, strain 7 


would behave approximately similar to 18:lc-grown K1960, T, = 14°, 


b 


Tm = 12.5° and liquid crystalline mole fraction at Ty = V55%. This is 


the case here. 

Table VI also contains the Ea values both above and below T° Ea 
below Ty is higher for trans-UFA-enriched- than cis-UFA-enriched K160 
cells and generally, Ea above Ty is lower than below it. The physical 
significance of these Ea values is as yet unclear. 

Above the upper temperature limit (UTL) ya begins to decline as 


mentioned earlier. This decrease in = continues to a certain higher 


temperature beyond which transport no longer obeys Michaelis-Menten 
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kinetics (186). The following points are worth noting about transport 
occurring above the UTL: (i) the radioactivity (cpm) accumulated with- 
in the cells per unit time per unit of cell protein (i.e. initial rate) 
actually decreases with temperature at each substrate concentration. 
Thus, this increase in temperature mimics the effects of adding in- 
creasing amounts of an uncoupler which can uncouple the energy supply 
for glutamine uptake by causing the dissipation of cellular ATP levels 
in a futile attempt to maintain a normal AL +5 (ii) the UTL is below 
the growth temperature in each case; (iii) it has been established in 
other studies that there is an upper as well as a lower limit to the 
degree of fluidity compatible with normal functioning of cellular pro- 
cesses, e.g., the growth of microorganisms (30, 72, 73, 75, 216). When 
these microorganisms are grown at higher temperatures, there is an in- 
crease in the proportion of higher-melting fatty acids in the membrane 
lipids (30) which would confer stability to the organism by a homeo- 
viscous regulatory mechanism. Organisms unable to regulate the fatty 
acid composition of their membrane lipids with temperature, exhibit 
lower optimum and maximum growth temperatures. It has therefore been 
suggested (30, 75) that an upper limit to the fluidity of the membrane 
lipids may arise from an excessively "leaky" membrane, a structurally 
unstable lipid bilayer, or an inability of excessively fluid lipid to 
stabilize certain membrane proteins in a functional configuration. 
Considering these experimental findings (30, 72, 73, 75) and arguments 
(30, 75) together with the DTA data in Fig. 8A and B and Table IV and 
the DSC data in reference 61, one would have been led to predict that 
18:1lt-cells should exhibit normal increase in Kee, up to relatively 


high temperatures, i.e., the UTL should be higher than observed. The 
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reason for this is that 18:lt-membranes display a phase transition range 
at high temperatures with a Tm of about 38°. This should, therefore, 
confer higher thermal stability to these membranes. The Tm for lipids 
from each of the other membranes, as estimated by comparison of areas 
under these DTA curves according to the method reported by McElhaney 
(73) reveals that the order of Tm values (which is also the order of 
decreasing relative fluidity) is as follows: 18:1t > 16:1t > 18:lc > 
16:le > 18:2c,c. Considering fluidity alone, one would then predict 
that the tendency for membrane stabilization at high temperatures should 
decrease in the order given above. However, the actual experimental 
data presented here are not completely in accord with this prediction. 
Even though 18:lt-cells exhibit the highest UTL relative to the others, 
its value (which is Tm) is, in fact, much lower than expected. On 

the other hand, 18:2c,c-cells show a UTL which is much higher than 
would be expected on the basis of fluidity consideration, the value 
being higher than Tm by 31°. In the case of 16:lc- and 18:1lc-cells 

UTL is higher than Tm by 26° and 12.5° respectively. For 16:1t-cells, 


the UTL, which is \T,, is higher than Tm by 7°. On the basis of the 


h? 
difference between the UTL and Tm therefore, the order of stability 
observed is as follows: 18:2c,c- > 16:lc- > 18:lc- > 16:1t- > 18:1t- 
cells. 

It is therefore clear that the value of the UTL is not determined 
solely by the degree of fluidity conferred by UFA-supplementation. 
Another possibility is that it is determined by the degree of membrane 
lipid acyl heterogeneity, as has been postulated for some other UFA 


auxotrophs (60, 290). For example, progressive inactivation of mem- 


brane-bound NADH, L-a-glycerol-3-phosphate, succinate and D-lactate 
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oxidases have been reported as the mole fraction of phospholipids acyl- 
ated on the 1- and 2-positions with a single UFA species exceeded that 
found in normal cells grown under similar conditions (290). The acyl 
chain heterogeneity (see fatty acid profiles in Appendix 3) would de- 
crease in the order 18:2c,c- > 16:lc- > 18:lc- > 18:1t- > 16:lt-cells. 
Thus, the correlation between acyl heterogeneity and relative thermal 
stability holds true if one considers 18:2c,c-, 16:lc-, 18:1lc- and 
either 18:1t- or 16:lt-cells. It, however, breaks down when 18:1t- 
cells are compared with 16:lt-cells. The UTL is therefore not solely 
determined by the degree of fatty acyl heterogeneity either, although 
both the degree of membrane lipid fluidity and acyl heterogeneity act- 
ing together could explain these results. However, other factors, such 
as a differential loss of viability at high temperatures, or some non- 
specific effects (in this strain) of chloramphenicol present in the 
transport assay medium, could also be responsible. The effect of the 
presence of Brij 58 in the growth medium for K1060 should not be over- 
looked. 

This phenomenon was not observed with strain 7 at temperatures of 
up to 40°C, the highest temperature at which assays were done. Since 
this strain is wild-type in fatty acid metabolism, it possesses the 
necessary machinery for fine regulation of its membrane fatty acid com- 
position. It therefore shows a fatty acid profile (Appendix 3) con- 
taining presumably the optimum amounts of a variety of fatty acids. 
This might have contributed to the rather different behavior exhibited 
by this strain. 

The possible involvement of the energy coupling mechanism in these 


phenomena will be discussed in a later section (see Chapter V). 
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CHAPTER V 
ACTIVE AMINO ACID TRANSPORT IN ESCHERICHIA COLI: L-PROLINE TRANSPORT 


AND GENERAL CONCLUSIONS 


L-PROLINE TRANSPORT 

A. INTRODUCTION 

In bacteria, chemiosmotic phenomena, as postulated by Mitchell (187, 
199, 309, 193-198, 200), are involved in the energization of various 
membrane-associated processes, such as the osmotic shock-resistant ac- 
tive transport of some neutral and ionic solutes, and also, ATP synthe- 
sis via the membrane-bound proton-translocating adenosine triphosphatase, 
(CagieMeh)=ATPasa! The driving force, the electrochemical gradient of 
protons (the proton motive force), can be generated by proton extrusion 
in E. coli under aerobic conditions by electron transport to oxygen or, 
under anaerobic conditions, either by anaerobic electron transport with, 
say, nitrate as terminal electron acceptor and formate as electron don- 
or, or by hydrolysis of ATP (from substrate level phosphorylation) by 


Mae 


the (Ca2' Me )-ATPase. The proton motive force (PMF), designated Au ts 


is composed of an electrical and a chemical component as follows: 


_ 2.3RT 
F 


Au_+ = Ay A pH 


where Ay is the electrical potential difference across the membrane 
(i.e., the membrane potential); A pH is the transmembrane pH difference; 
R, T and F are the gas constant, the absolute temperature and the Fara- 
day respectively; and 2.3RT/F is 58.8 mV at 25°C. Recent investigations 


(309 - 312) have revealed that the transport of some amino acids 
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(e.g., proline, serine and glycine) and sugars (e.g., lactose) in E. 
coli is driven by a combination of AW and A pH (i.e., AW)» while the 
accumulation of the anionic substrates (e.g., glucose-6-phosphate and 
D-lactate) is driven primarily by A pH. The transport of the cationic 
substrates has been postulated to respond to Aw alone. 

Extensive studies in a number of laboratories have established this 
requirement of the electrochemical potential of protons as the driving 
force in the transport of proline in Escherichia coli under aerobic and 
anaerobic conditions (312, 179, 181, 190-192). The proline transport 
system is thus the best characterized of all the osmotic shock-resis-— 
tant amino acid transport systems in E. coli. No naturally occurring 
compound has so far been found which inhibits the function of the pro- 
line carrier and it is not known to transport any other natural amino 
acid. This system is also highly stereospecific (179, 181, 313). The 
system is amenable to studies with whole cells since the Kn obtained 
with membrane vesicles (179) was quite close to that observed with whole 
cells (181), indicating that metabolism does not change the transport 
kinetics to any appreciable extent. This same phenomenon has also been 
reported for the L-glutamine system (169). 

There have been some previous reports on the temperature dependence 
of proline transport in membrane vesicles of E. coli UFA auxotrophs (67, 
68). In these studies, however, initial rates of transport at a fixed 
proline concentration were measured. As discussed in Chapter I of this 
report, it has been demonstrated (218, 266) that the use of initial 
rates measured at a single substrate concentration during studies of 
the temperature-dependence of membrane-associated processes could lead 


to artifactual breaks in Arrhenius plots. It was therefore considered 
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necessary to re-examine this transport system in E. coli K1060 and 
strain 7 with respect to the dependence of both Rn and ee on tempera- 
ture and on the fluidity and physical state of the membrane lipid fatty 
acyl chains. The results could then be compared directly with those 

for L-glutamine given in Chapter Ivy, in the light of the already estab- 
lished differences in energy-coupling between the two transport systems 
(179, 190-192). The discrepancies that are apparent in these earlier 
published reports (67, 68) will be discussed in a later section (see 
"Discussion" and also "General Conclusions") together with the results 


presented here. 


B. METHODS 
1. Bacterial Strains and Growth Conditions 
E. coli K1060 and strain 7 used here for eacenrotane uptake 


Le ee Carine transport reported in 


Studies were the same ones used for 
the preceding chapter. The growth of these cells was done under iden- 
tical conditions to those employed for glutamine uptake. 
2. Preparation of Cells and micercoiane Uptake Assays 
Cells were prepared and transport assays were done exactly as 
detailed in "Procedure A" for glutamine transport studies. 
3. Liquid Scintillation Counting 
This was also done exactly as detailed for glutamine uptake. 


Calculations of the initial rates of uptake from the experimental data 


were carried out as given in Appendix 4. 
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C. RESULTS 
1. Time Course of mecerreline Uptake 

By adequate manipulation of cell concentration and sampling 
time as temperature was changed, very reproducible initial rates were 
achieved in all instances at any single temperature, at much less than 
10% depletion of the total available radioactivity in the reaction mix- 
ture. This thus differed from the observation for glutamine transport 
where more than 10% depletion was necessary in some cases. The reason 
for this may be the fact that the Ka for proline uptake and, therefore, 
the concentrations employed in the assays are 10 times higher than the 
situation for the glutamine transport system. 

2. Concentration Range of L-Proline Employed 

The data presented in Figure 15 is a Lineweaver-Burk plot of 
the variation with L-proline concentration of initial rate of L-proline 
transport in E. coli K1060 grown in the presence of 16:1t. The plot is 
linear for the whole range from 0.031 uM to 19.50 uM L-proline and the 
Kh was constant in this instance as the temperature was varied from 
20°C to 29.9°C. The mean Kn of these three temperatures was 1.0710.12 
uM (see also Table VII). This Kh agrees reasonably well with the value 
of 0.60 uM for membrane vesicles (179) and 0.44 uM for whole cells (181) 
reported for E. coli strain W3092. A second Ka (high KD has been re- 
ported at very high proline concentrations (181). The studies on the 
temperature-dependence of proline uptake reported herein employed only 
the low substrate concentration range, 0.05 uM to 5.0 uM. The Kh for 
mutant K1060 was found to be also invariant with UFA enrichment (Figure 
16A and B and Table VII). 


It should be pointed out at this juncture, however, that the Kn 
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FIGURE 15. Lineweaver-Burk plot of the variation of initial rates 
of 14c-proline uptake with L-proline concentration in E. coli 
K1060 enriched in 16:l1t. Cells were grown and prepared, and 
14c-proline uptake assayed as detailed in Methods. Ten concentra- 
tions of L-proline (in the range 0.031 to 19.50 uM) were employed. 


143 


Sf 


(WN) [04d] /1 
Ge S| 


= 


O 
N 


O 
v 


X 
< 
| om | 
=] 
od 
=| 
Qa 
4 @) 
= | 
oO 
=> 
oO 
= 
Ss 
3 
o 
watt 
Se! 
| 


144 


TABLE VII 


Mean K, Values Over the Assay Temperature Ranges for 
14c-Proline Uptake in E. coli K1060 
Grown with Different UFA Supplements 


(mean +S.D.) Temperature 
Cells for proline uptake Range 
K1060: Lost 1 1Lit053 WAGE eo eyed e 
Les 1c O62 0e22 7,0° - 41° 
Los rc 0.66+0.19 3,04 —138° 


1322C.c 0.66+0.12 5.0° = 40° 


é 


vt 
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FIGURE 16A. Hanes’ treatment of data for the calculation of K, and 
Vmax values for 14c-proline uptake at various temperatures in 
18:lc-enriched K1060 cells. Assays were performed as given in 
Methods. The following values of Km and Vmax were obtained at the 
indicated temperatures: 


Vmax 
Temp Km (nmole/min/mg 
Symbol (SG) (uM) protein) 
8B 1320 0.83 Bh? 
-0-O- 15.0 0.85 abAgS) 
-v-V- 720 0.84 vere 
ae 21.0 0.71 1} 
~@-6= 29°55 0.90 3.6 
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FIGURE 16B. Hanes' treatment of data for the calculation of K, and 
Vmax values for 14c-proline uptake at various temperatures in 
16:lc-enriched K1060 cells. Assays were done as given in Methods. 
The following Km and Vmax values were obtained at the indicated 


temperatures: Vv 

max 

Temp Kn (nmole/min/mg 

Symbol (2G) (uM) protein) 
-A-A- Aeyaat 0.98 Tee 
-V-V- 5 he 4 ilegs 
~8-@- 20.0 Vol Veo 
-0-0- 2350 eee 2.0 
-$-4- 26.0 es 3.0 
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for L-proline uptake in strain 7 decreased ten-fold as temperature was 
decreased from 45°C to 3°C (Table VIII and Figure 19). Significantly, 
though, the Ka acme Ca (Lec ~% room temperature) was V0.7 (mean of 
two determinations) which is close to those reported earlier (179, 181). 
3. Treatment of Data for Vinaxand K 

Apart from the data presented in Figure 15, Nan and Ra values 
were derived from the initial rates by the Hanes' treatment as discussed 
for glutamine uptake. 

4. Temperature-Dependence of V nee and K_ for L-Proline Uptake 

(i) Mutant K1060 

The Kh for proline transport remained reasonably constant for 
mutant K1060 enriched in the various UFA's as portrayed by the mean 
values and their standard deviations given in Table VII as well as the 
data presented in Figure 16A and B. However, these data do indicate 
that the Kn is V1.5 times greater for 16:lt- and 16:lc-enriched K1060 
cells than for their 18:2c,c- and 18:lc- counterparts. It should also 
be mentioned that even though the Kh remained fairly stable below the 
upper temperature limit (UTL; to be discussed later), there tended to 
be a slight decrease in Kh for each UFA-enrichment, a few degrees above 
the UTL. A slight decrease at lower temperatures also occurred for all 
except 16:lc-enriched cells, but this could not be related to any parti- 
cular part of the temperature range. The mean Kn values in Table VII 
include all values of hes in the temperature range indicated. Consider- 
ing the fact that at 49.8°C the Ko for proline transport in strain 7 
showed a decrease over the values at 40° to 45°C (see later, and also 
Table VIII) and that at this temperature (49.8°C) transport Aga obvious- 


ly indicated aberrant behavior due to excessively high temperature, one 
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Dependence of K, and Vmax for the Transport of L-Glutamine (L-Gln) 
and L-Proline (L-Pro) in E. coli Strain 7 on Assay Temperature 


Vinax Vmax 
Temp Kn (nmole/min/ Temp Kn (nmole/min/ 
Me (uM) mg protein) Xe (uM) mg protein) 
49 .8* 0.90* 703 
45.0 4 20.9 
40.0 Galo 8.9 40.0 i bef 2050 
36.4 0.086 Te B6n0 0.98 10 
Sioiqdl 0.078 6.4 shill) Das) 18.4 
30.0 O,0aL 4.5 30.0 1.3 19.4 
29 0.056 Seo) elas) 0.890 theo he 
2000 0.045 Ze 24.0 0.90 L1G 
L720 0.10 2.4 ZeO 0.67 8.38 
ere 0.050 I byes 18.0 0.54 6.14 
Tees 0.030 Osi5) 150 0.60 4.38 
ors0 0.073 0.26 20 0.36 Zee 
Dies) ORS PAT ihe by! 
Yaw) O22 0.61 
Sale 0.19 9,29 
3 30 0505 0.14 


L-Gln uptake 


*Transport aberrant due to excessively high temperature. 


TABLE VIII 


L-Pro uptake 
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is tempted to speculate that this decrease in Kh above the UTL in mu- 
tant K1060 proline transport is due to some impairment of membrane in- 
tegrity. The possible significance of this slight decrease in this 
kinetic parameter above the UTL and at the lower temperatures is uncer- 
tain (also see later "Discussion"). 

The variation with temperature of Nase for proline uptake in 
K1060 follows the same general trends discussed earlier for the ae 
for glutamine uptake in these cells. This parameter increases, as ex- 
pected, as temperature increases until an upper temperature limit (UTL) 
is reached. The value of the UTL is unique for K1060 grown with each 
of the UFA's and above this UTL, Meee starts to decrease. At a certain 
higher temperature above UTL, transport kinetics no longer obey the 
Michaelis-Menten equation (186). The Arrhenius plots of these vane 
values (Figure 17A - D) show a biphasic linear slope below the UTL for 
K1060 at all UFA enrichments (except 18:2c,c, which gives a gentle 
curve) and the break temperature, Ty is peculiar to each UFA supple- 


mentation. The Ea below T, has a higher value than above it. 


b 

The most conspicuous difference between these proline transport 
data and the gluatmine results already discussed (preceding chapter) is 
that in each case, for K1060 grown with various UFA supplements, both 
the UTL and the Ty values observed for proline are shifted to lower 
temperatures with respect to these same parameters for glutamine trans- 
port (Tables VI and XI). The UTL for the two transport systems which 
is the same value in 18:lc-enriched cells may be the only exception. 


For strain 7, there is no UTL but rather there are two break tempera- 


tures (see following section). 


Aiea! 


es ret ye Pa? 


FIGURE 17A. Arrhenius plot of Vmax values for L-proline uptake in 
E. coli K1060 enriched in 16:1t. Vmax values were derived as 
given in Methods. 
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FIGURE 17B. Arrhenius plot of Vyax values for L-proline uptake in 
E. coli K1060 enriched in 16:lc. Vmax values were derived as 
given in Fig. 16B. 
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FIGURE 17C. Arrhenius plot of Vmax values for L-proline uptake in 
E. coli K1060 enriched in 18:lc. Vmax values were derived as 
given in Fig. 16A. 
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FIGURE 17D. Arrhenius plot of Vmax values for L-proline uptake in 
E. coli K1060 enriched in 18:2c,c. Vmax values were derived as 
given in Methods. 
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Arrhenius Plot Temperature Breaks (Th), Activation Energies (Fa) 
and Temperatures at which Vmax Starts to Decrease with Temperature (UTL) 
for L-Proline Transport in Relation to Membrane UFA Enrichment 
(mole %) and Phase Transition Midpoint (Tm) 
inabeecoligklO60fand Strain 7 


UFA sup- 
plement 
incorpo- 
rated in- 
to men- 
UFA brane 
Cells Supplement (mole 7) 


Ser?/ None - 


K1060 INS 80 - 85 
TOL 39 - 44 
ake He We 2a 0 


LEe2C3C 48 - 50 


ibs: 


20 
15 
ind) 


UTL 
te 


45 


28 
26 
1455) 
od, 


Ea kcal/mole 


Above Below 


Tb Tb 
Ly, D2. 
14 80 
14 40 
10 66 
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(11) Strain 7 

The Kh for L-proline transport in strain 7 reproducibly varied 
over a ten-fold range with temperature (Table VIII and Figure 19), de- 
creasing from a value of 1.40 UM at 45°C to 0.15 UM at 3°C. This behav- 
ior thus differs strikingly from the constant Kh observed for glutamine 
transport in both strain 7 (Table VIII) and mutant K1060 (Figures 12 
and 13A - C) and the constancy of Ka for proline uptake in K1060 cells 
(Table VII and Figures 15 and 16A and B). 

ven for proline transport in strain 7 shows an increase as 
temperature increases from 3°C to 45°C. At 49.8° there is a dramatic 
decrease, which is indicative of the thermal denaturation of transport 
proteins and/or a loss of membrane integrity at this rather high temper- 
ature. The a also shows a concomitant decrease at 49.8°C. 

Arrhenius treatment of the data (Figure 18) shows a triphasic 
plot with a break (T,) at 13° and another one (T,5) at 30°C. The Ea 
below Ty is higher than above it while that above 30° has the lowest 
value. Intriguingly, T 36 is quite close to the upper boundary Th (322C 
see Table IV and Figure 8B) of the gel = liquid crystalline phase 
transition of these membranes. The T,_ value of 13°C is also lower 


b 


than its counterpart for glutamine transport in this strain. 


D. DISCUSSION 

The data presented here indicate a number of similarities between 
the response to temperature of the L-proline transport and the L-gluta- 
mine transport systems in E. coli. However, they also go further to 
demonstrate a number of striking differences between these two amino 


acid transport systems. 
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FIGURE 18. Arrhenius plot of Vmax values for L-proline uptake in 
E.eCOLUESCral nes. Vmax values were derived as given in Methods. 
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FIGURE 19. Van't Hoff plot of Km values for L-proline uptake in 
E. coli strain 7. Km values were derived as given in Methods. 
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The Ra for proline transport is reasonably constant in mutant K1060 
(Table VII and Figures 15 and 16 A and B) but reproducibly varies over 
a ten-fold range in strain 7 (Table VIII and Figure 19). It is of in- 
terest to note that the Ra at 21° (i.e., room temperature) is consis-— 
tently about 0.7 uM, which is quite close to published values for a dif- 
ferent strain of E. coli (179, 181). The reason for this variation in 
Ka for proline transport in strain 7 is not known, but one is tempted 
to speculate that it may be wild type phenotypic behavior. It has been 
reported (218) that the Ko for lactose transport in E. coli ML308 also 
responds to temperature in a strikingly similar fashion. Since it has 
now been conclusively demonstrated that these two shock-resistant trans- 
port systems are similar with regard to the energetics of their opera- 
tion (both are driven by the proton motive force Au +) (31285309) 37 20 
will not be surprising if it is discovered that they have other charac- 
teristics in common, which would have some bearing on some common mech- 
anistic attributes of these two systems, e.g., a similar response to 
temperature changes. 

A behavior which reveals an obvious difference between a binding 
protein dependent transport system (glutamine transport, see preceding 
chapter) and the non-binding protein dependent transport reported here 
is the resistance to temperature changes displayed by the Kh of the for- 
mer system (Table VIII and Figures 12 and 13A -c). It would then ap- 
pear that the resistance to changes in temperature of the proline trans- 
port system in mutant K1060 could have been acquired during the various 
mutagenic treatments by which this UFA auxotroph was derived. The 
slight decrease in | a shown by K1060 enriched in some UFA species may 


then be a manifestation of rudiments of this lost wild type trait. It 
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would be interesting to determine if other shock-resistant transport 
systems in these two strains exhibit similar behavior. 

As was the case with glutamine uptake, strain 7 shows an increase 
in V ca for proline transport from 3°C to 45°C, this kinetic parameter 
dropping dramatically only at 49.8°C (Table VIII and Figure 18) as pre- 
viously discussed (see "Results''). The Arrhenius plot of Ve ae displays 
the characteristic break temperature, T,, at 13°C as well as a second 


b 


break temperature, T 0° at 30°C. At 30°C, more than 99% of the strain 


3 
7 membrane lipids are in the liquid crystalline state. Thus, the drop 
in the Ea value above this temperature demonstrates that, as soon as 
all the membrane lipids are in the liquid crystalline state, further 
increase in temperature (i.e., further increase in thermal motion of 
the fatty acyl chains) above this point does not lead to a significant 
increase in V4 ate The Ty of 13° is lower than that displayed in the 
Arrhenius plot of Votes for glutamine uptake in this E. coli strain. 

The UTL is not exhibited for proline transport in this strain. 

The Ness for proline transport in mutant K1060 increases with tem- 
perature only up to a UTL which is peculiar for each UFA supplementa- 
tion. Above the UTL, ee decreases with temperature until another 
higher temperature (less definitive) above which the data can no longer 
be treated to yield Ka and Vee values. Also, above the UTL, the ini- 
tial rate of uptake at each proline concentration actually decreases as 
temperature increases. Thus, an increase in temperature above the UTL 
mimics the effects of adding increasing concentrations of an uncoupler. 
Below the UTL, the Arrhenius plots are biphasic, displaying a peculiar 
T. value for each UFA supplementation, with the exception of 18:2c,c- 


b 
grown cells which give a plot curving off between 13° and 15°C (Figure 


17A - D). This behavior resembles that displayed by glutamine trans- 
port in this E. coli auxotroph. An obvious difference, however, is 
that both the UTL and Ty are shifted to lower temperatures relative to 
the situation for glutamine transport. 

The Ea values in Table IX demonstrate that, just like the case for 
glutamine transport, Ea below T 


b 
the trans-UFA, 16:lt, than for this auxotroph enriched in the cis-UFA 


is higher for mutant K1060 enriched in 


species, as well as than for strain 7. A similar behavior has been re- 
ported for a-amino isobutyric acid uptake in Fhrlich ascites cells (221) 
in which Ea below Ty was higher the higher the saturated fatty acid con- 


tent of the membranes. Generally also, for both strain 7 and mutant 


K1060, Ea below T, is higher than above it; but no definite discernible 


b 
trend exists in these Ea values above T° Table X portrays the striking 
similarity which exists between the Ea value below T, for proline trans- 


b 
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port and that for glutamine transport in the same cell type. For instance, 


the Ea below Ty for strain 7 is 52 kcal/mole for proline transport and 
54 kcal/mole for glutamine transport and, for K1060 enriched in 16:1t, 
the values are 85 and 80 kcal/mole, respectively, for glutamine and pro- 


line uptake. For mutant K1060, the Ea above T, is lower for proline than 


b 
for glutamine transport at all UFA supplementations, but the order is re- 
versed for these systems in strain 7. No reasonable rationalization has 
so far been found for these trends in Ea values. 

At their respective break temperatures (T)> for proline transport, 
the 16:lt-grown K1060 cell membrane lipids are 13% in the liquid crys- 
talline state while the 18:lc-, 16:lc- and 18:2c,c-cell membrane lipids 


are u50%, 93% and (82% - 87%), respectively, in the liquid crystalline 


state. From a consideration of the Tm values (Tables IV, VI and IX), 
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TABLE X 


Activation Energies (Ea) for L-Glutamine (L-Gln) and 
L-Proline (L-Pro) Transport in E. coli Strain 7 and E. coli K1060 


Ea kcal/mole 


L-Gln L-Pro 
UFA —_——<—<—<$ —_—_----———— 
Cells Supplement Above Ty Below Tp Above Ty, Below Th 
Stra None ibs 54 1] 52 
K1060 L622 17 85 14 80 
Ll6:1¢ 18 40 14 40 
18:lc 20 60 10 66 


These values were taken from Tables VI and IX. 


TABLE XI 


Arrhenius Plot Temperature Breaks (Tp) and Temperatures 

at which Vmax Starts to Decrease with Temperature (UTL) 

for L-Glutamine (Gln) and L-Proline (Pro) Transport in 
Ee coli strain /<and E.coli K1060 


Ty Upper Temperature 
GC) imi tec Uals) mee) 
UFA wo 
Cells Supplement Gln Pro Gln Pro 
Stray None 16 ins! =40 45 
K1060 16216 23 20 Siehod/ 28 
ime ye wy 15 YS) 26 
ie ene 14 13 25 25 
Busia te Se 
BC ..C 29 Zi 


These values were taken from Tables VI and IX. 
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the order of relative fluidities conferred to these membranes would be 
HOS2C, Cuomo Cucmucs Ce-eloslteaalThus,eiteappears, that, as was tthe 

case with the Ty values for glutamine transport, the Ty values for pro- 
line transport respond to fluidity alone. In other words, the more 
positive is the difference Ty - Tm, the higher is the liquid crystalline 
fraction at Th: This correlation holds for 16:1t- K1060 cells, strain 


7, 18:1lc- and 16:1lc- K1060 cells. For these four, Th - Tm values are 
-7°, -2°, +0.5° and +8° respectively, and the liquid crystalline frac- 
tion at their respective Ty values is 13%, 35%, 50% and 93%. However, 


the correlation breaks down for 16:lc- and 18:2c,c-cells, for which Th 
- Tm are respectively +8° and (+15° to +17° but the liquid crystalline 
fractions at Ty are, respectively, 93% and (82% to 87%). 

Even though the UTL values are shifted to lower temperatures rela- 
tive to the glutamine values, they are still determined by both membrane 
lipid fluidity and membrane phospholipid acyl chain heterogeneity. Con- 
sidering the earlier discussion (see preceding chapter) for the gluta- 
mine situation, the order of relative thermal stabilities conferred to 
the K1060 membranes should decrease in the same order as their decreas- 
ingaTmevalues,ethus, 26: 1te-slSslcaeel 6+ cu aeiG.2ceyce However, the 
stability is higher the more positive is the difference UTL - Tm, and 
so the actual order of relative stabilities is 18:2c,c > 16:lc > 18:l1c 
Pelosi te This therefore means that some other factor operating in 
concert with fluidity has contributed to such an extent as to reverse 
the order of relative stabilities conferred by fluidity alone. This 
factor may be the heterogeneity of the acyl chains of the membrane phos- 


pholipids. As was discussed for the glutamine case (Chapter IV), it is 


possible that the heterogeneity of the 18:2c,c-membrane may contribute 
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a sufficient stabilizing influence to make it most stable of them all, 
and the extreme homogeneity of the 16:lt-membranes would militate 
against stability to a great extend and so make them rather unstable to 
temperature. This same line of argument places 16:lc and 18:lc-mem- 
branes respectively next to 18:2c,c-membranes. Strain 7 is much more 
thermally stable than K1060 grown on 18:2c,c. This is therefore sug- 
gestive of the influence of fine regulatory effects on the fatty acid 
metabolism of this wild type strain. The fatty acid profile of this 
strain presumably contains an optimum amount of each of a variety of 
fatty acids, and these confer a higher heterogeneity to its membrane 
lipids than is the case with K1060 grown with any UFA supplement. 

It is tempting to speculate that the cause of the display of the 
UTL is some defect of energy-coupling in these K1060 cells under these 
conditions. It should be mentioned again that strain 7 behaves normal- 
ly up till 45°C. The main difference which is experimentally detectable 
between glutamine transport and proline transport in E. coli is the mode 
of energy coupling. 

As was discussed in the preceding chapter, it has been reported 
that leakage of ions from E. coli cells (60) and inactivation of energy 
coupling enzymes (290) may result from a high degree of homogeneity 
in the membrane phospholipid acyl chains. The apparent degree of 
heterogeneity in the membranes of the cells employed in these studies 
has been discussed earlier (preceding chapter). If there is leak- 
age of protons from these cells (inversely related to the extent of 
heterogeneity), it then follows that the energy status of the membrane 


would be adversely affected. The magnitude of A+ across the membrane 
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would be diminished to the same extent as the proton leak. Thus, pro- 
line transport would be inhibited as soon as this phenomenon starts. 
Further increase in temperature leads to the formation of more liquid 
crystalline lipid and creates increased flexibility of the acyl chains 
of the other lipids already in the liquid crystalline state. Thus, the 
leakage of protons is enhanced. This would account for the further 
drop in pave (and initial rates at each proline concentration) with in- 
crease in temperature. 

In the glutamine transport, the energy coupling is linked to ATP or 
its derivative. Since ATP supply from glycolysis is available to these 
cells during the transport assay, the effects of the HY leakage should 
not be obvious until at such a temperature when the dissipation of Aust 
is enough to start to lead to the depletion of glycolytically derived 
ATP. It is at this temperature, therefore, that Ni es for glutamine 
transport should start to decrease. Thus, this explains why the UTL is 
higher for glutamine transport than for proline transport in mutant 
K1060 enriched in any UFA (except perhaps 18:lc). In the case of strain 
7 [wild type, with an optimally heterogeneous membrane (see Chapter IV) ] 
the membrane remains thermally stable up to 45°C. Moreover, for the 
different UFA enrichments of mutant K1060 considered, the most hetero- 
geneous (18:2c,c-cells) exhibits the most thermally stable membrane and 
the converse is also the case, i.e., the least heterogeneous (18:1t- 
and 16:lt-cells) have the least stable membranes. Thus, this correlates 
with the experimental findings. 

Comparison of the results on the temperature-dependence of L-gluta- 
mine transport (given in the preceding chapter) with those reported 


here, shows up a number of similarities between these two transport 
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systems, while at the same time high-lighting a number of interesting 
differences. (i) The different trends in the Kn with change in temper- 
ature (invariant in K1060 and strain 7 for glutamine transport and vary- 
ing for proline transport in strain 7 but not in K1060) suggest some 
mechanistic difference in the two amino acid transport systems. (ii) A 
Ty is exhibited in each E. coli type for both transport systems, indi- 
cating a response to membrane lipid physical state. However, the lower 
value of Ty for proline transport is suggestive of differing preferen- 
tial interactions with (specific) lipid types in the rate limiting step 
of the two transport systems. (iii) Only one break temperature is ob- 
tained for glutamine transport ae in strain 7 up to 40°C (the highest 
assay temperature employed). However, the Nea values for proline 
transport yield two break temperatures, the one at 30°C (T35) being 
close to the point of completion of the broad gel e™ liquid crystalline 
phase transition of these membranes. This, of course, reinforces the 
earlier suggestion that there is preferential lipid association in the 
operation of each of these two systems. The break at 30°C also tends 
to indicate that some degree of order is required in the lipids around 
the rate limiting protein in proline transport in order for a large in- 
crease in ae to be observed with increasing temperature. (iv) The 
UTL phenomenon is exhibited by K1060 for both glutamine and proline 
transport. However, this temperature parameter has a lower value for 
proline transport than for glutamine transport in K1060 cells enriched 
in any particular UFA. This therefore bears on the difference in ener- 
getics between the two systems since, as discussed earlier, the proline 
system would be adversely affected at a lower temperature than the glu- 


tamine system, if the UTL is created as a result of proton leak, thus 
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decreasing ApH. 
It is however possible that other factors are responsible for the 

UTL phenomenon as discussed in the preceding chapter. It is also 
worthy of note that some recent studies of the inhibition of proline and 
glutamine transport in E. coli by colicin K (318) tend to show that 
these two transport systems have some features in common. This not- 
withstanding, these transport systems do differ in a number of ways as 
earlier discussed. 

A great part of the results reported here on proline transport dif- 
fers from those already reported (67, 68) for this transport system 
operating in membrane vesicles derived from other UFA auxotrophs (Tab- 


les XII and XIII). It should be also mentioned that many discrepancies 


do exist even between these already published data for strain OL 
and those published for strain K1059 (68). These differences are per- 
haps not surprising, however, for a number of reasons. In the first 
place, strain differences are known to introduce discrepancies in re- 
sults obtained in some studies (271). Secondly, these earlier studies 
on the temperature dependence of proline uptake utilized membrane vesi- 
cles, and thirdly, these investigations relied on initial uptake rates 
at single purportedly "saturating" levels of proline. It is thus clear 
that since the data herein presented demonstrate that for proline trans- 
pore, Ka increases with temperature for strain 7 (i.e., wild type), if 
such a situation existed for any of these earlier studies reported in 
references 67 and 68, an artifactual break in Arrhenius plots would be 
obtained, as already demonstrated in other systems (218, 266). The ac- 


tivation energies derived together with these false breaks would there- 


fore be very prone to serious errors. 
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TABLE XII 


Arrhenius Plot Break Temperatures (Th) for L-Proline Uptake 
Vmax Values in E. coli K1060 Compared with the Same Parameter 
for L-Proline "Initial Rate" of Uptake in Other 
E. coli UFA Auxotrophs Reported in References 67 and 68 


Tp °C for Proline Uptake 


Esfahani et al. Schechter et al. 
(reference 67) (reference 68) This study 
E. coli strain Kemco lt KLO59 Eeecors: 
OL?” membrane membrane K1060 
UFA vesicles vesicles whole cells 
Supplement Initial Rates Initial Rates Vnax 
isa ie LO ihe ies 
Weite 26° 38° N.D. 
S307, C 145 LO N.D. 


18:2c,c N.D. No break 13° - 15° 
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TABLE XIII 


Activation Energies (Ea) Below and Above Ty for L-Proline Uptake 
Vmax in K1060 Compared with the Same Parameter for L-Proline 
"Initial Rate" of Uptake Reported in Reference 68 for 
Another E. coli UFA Auxotroph 


Ea kcal/mole from Arrhenius plots 


bchechter etral. 
(reference 68) 


E. coli K1059 cies COG. 
membrane E. coli K1060 
vesicles whole cells 

Initial Rates Vnax 

UFA nn ss 
Supplement Above Ty Below Tp Above Ty Below Th 
18:1lc 18 29 10 66 
Loet 10 55 N.D. N.D. 
Tish BYelets vate ay 35 N.D. NéDe 


eae 26 v4 44 
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GENERAL CONCLUSIONS 
A comparison of the data presented here on the amino acid transport 
Systems with those for the facilitated diffusion of glycerol (see Chap- 
ter III) reveals a number of differences. (i) The UTL is not exhibited 
by the glycerol facilitated diffusion system. (ii) The Th for 18:1t- 
grown K1060 cells occurs at 42°C (i.e., above Tt) for glycerol facili- 


tated diffusion, while for glutamine uptake it occurs at VT (iii) For 


1 
18:1lc-grown cells, the Ty for facilitated diffusion of glycerol is high- 
er than that for either glutamine or proline transport. (iv) No breaks 
are obtained in the Arrhenius plots for glycerol facilitated diffusion 
in 16:lc- and 18:2c,c-cells of K1060. For both glutamine and proline 
transport, however, 16:lc-K1060 cells yield a biphasic linear Arrhenius 
plot while 18:2c,c-cells yield a gentle curve. (v) Considering the mu- 
tant K1060, the Ea values above Ty for facilitated diffusion in 18:1t- 
and 18:lc-cells and those from the 18:2c,c- and 16:lc-cells are equal 
and are generally lower than that for glutamine or proline transport. 
(vi) The Ea below Ty, is generally lower for glycerol facilitated diffu- 
sion than for proline or glutamine uptake. All these observations can 
be rationalized on the basis of one or both of two possibilities. In 
the first place, each of the transport systems studied involves the op- 
eration of a different kind of protein or proteins. Each of these sys- 
tems could have, therefore, a unique temperature dependence, related to 
membrane lipid fluidity and phase state in somewhat different ways. 
Another possibility is that at least a part of the observed differences 
are due to a differential response of the energy coupling machinery to 


the physical state of the membrane lipids. The glycerol facilitated 


diffusion, in this regard, involves no input of energy. The effects 
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observed in this system are therefore pertinent to the translocation 
step alone. Glutamine and proline transport are energy coupled in dif- 
ferent ways (as previously discussed). The differences observed between 
these two may therefore be due to these energy coupling differences. 

A number of other studies have implicated the energy coupling reac- 
tion as an intimate component of the active transport process, and sug- 
gest that the interpretation of data obtained from experiments on the 
temperature-dependence of active transport should not treat the trans- 
location step in isolation of the energy coupling step. In this regard, 
a report by Hutson (314) on the steady state kinetics of mitochondrial 
Gael uptake focuses attention on the driving force for ait uptake and 
the limitations of treating the Caen transport system as an isolated 
enzyme system. The author implies that the rate-limiting step is proba- 
bly at the level of the electron transport chain rather than at the cal- 
cium carrier. In addition, Sprott et al. (210) (as discussed earlier) 
observed that in E. coli energized submaximally, a rate-limiting step 
in the uptake of amino acids belonging to various transport system types 

the transfer from an aqueous to a hydrophobic environment. However, 
this hydrophobic effect is not manifested when transport under aerobic 
conditions is considered. The authors suggest that the reason for this 
could be that differing numbers of carriers are involved. Another pos- 
sible reason, emanating from these experiments reported here, would be 
the differential involvement of the energy coupling reactions in each 
of the amino acid transport types. 

In an earlier publication, Shechter and associates (68) concluded, 
from data derived from Arrhenius plots of initial rates of active amino 


acid and sugar transport in membrane vesicles of a UFA auxotroph of E. 
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coli, that the membrane physical state was affecting the translocation 
step of the active transport of proline. Surprisingly, these same in- 
vestigators have recently presented new data on the temperature-depen- 
dence of initial rates of 8-galactoside transport and the binding of 
fluorescent dansylgalactoside to the lac carrier in E. coli membrane 
vesicles, which they interpret to be consistent with a change in the 
number of functional lac carriers in response to the gel = liquid crys- 
talline phase transition of these membranes (260, 261). They reported 
that the binding of the dansylgalactoside was independent of tempera- 
ture. Nonetheless, they did not address the fact that the Ka for B- 
galactoside transport increases with increases in temperature (218), 
nor did they consider the possible contribution to their observations 
by the energy link to the overall transport process. Thus, these phe- 
nomena might have contributed to the rather equivocal interpretations 
that have emanated from their various reports (68, 260, 261). 

It is known that the different membrane-bound enzymes which are in- 
volved in energy-coupling reactions do respond to the composition and 
physical state of the membrane lipids (14, 67, 290, 315). In some in- 
stances, however, these enzymes respond in remarkably different ways. 
This is illustrated by the observation by Van Heerikhuizen et al. (315), 
who reported that when membrane vesicles are formed at 0°C, NADH oxi- 
dase and succinate dehydrogenase activities are found mainly in the pro- 
tein-rich (particulate) portions of the membrane while D-lactate dehyd- 
rogenase activity is found in both parts of the membrane. This there- 
fore means that an added complication is introduced in the interpreta- 
tion of results on membrane phase state effects on an active transport 


process. This would result from the fact that a break in an Arrhenius 
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plot may thus be due to a physical separation of some (or all) of the 
energy-coupling proteins from the carrier proteins by the preferential 
segregation of any of these sets of proteins to a different domain of 
the membrane at low temperatures, thus abruptly creating a new rate- 
limiting step in the overall process. 

The final conclusion to be drawn from these studies presented here 
is that, in a purely facilitated diffusion system, the response of the 
system to the fluidity and physical state of the membrane lipids re- 
Sine the interaction of the carrier protein(s) with the membrane li- 
pid phase. In an active transport system, however, the response ob- 
served is a complex one possibly involving the response of the carrier 
protein(s) superimposed on that of the proteins which constitute the 


energy-coupling machinery of the active transport system as a whole. 


SUGGESTIONS FOR FURTHER INVESTIGATIONS: 

Lancaster and Hinkle have very recently reported an elegant demon- 
stration of a purely facilitated diffusion system derived, without the 
use of energy poisons, from the 8-galactoside transport system in E. 
coli. These authors studied this system in inverted membrane vesicles 
and characterized it by a number of criteria (316). Since the proline 


transport system in E. coli is a shock-resistant system as is the lac- 


tose system, very useful information can be derived by first character- 


izing an equivalent facilitated diffusion system for proline in the E. 


coli strains used here, and then studying the temperature-dependence of 


V and Kh for this facilitated diffusion system in these strains un- 


max 


der the same conditions reported here, using the same techniques devised 


by these authors (316). The results derived from these studies would 
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yield direct information with respect to the influence of the membrane 
lipid phase state on the translocation step of this process. In addi- 
tion, by comparison with results reported here, it would then be possi- 
ble to find out whether the UTL is a characteristic of one or both of 
the translocation step and energy-coupling step of the active transport 
of this amino acid. Thus, if the UTL is caused by proton leak, no such 
phenomenon would be observed with this purely facilitated component of 
the proline system. 

Secondly, according to Mitchell's chemiosmotic theory, uptake of 
such neutral substrates as lactose and proline occurs by co-transport 
with protons (i.e., symport) (pet) . This has been experimentally de- 
monstrated for the lactose system of E. coli (280). Thus, if the same 
is true for the proline system, it will be of great significance to 
study the rate of alkalinization of the medium as a function of tempera- 
ture during proline transport in whole cells of these E. coli strains 
used here. If the UTL is a result of proton leak, it therefore means 
that the Ub giale for alkalinization of the medium would increase as temper- 
ature increases until the UTL, when this Nba for alkalinization should 
start to decrease. This trend in the Wigs for alkalinization is expect- 
ed to be in parallel with the change in pie for proline uptake over 
the entire temperature range studied. 

In order to be able to characterize the glycerol facilitated dif- 
fusion system in E. coli adequately, a suitable radio-labelled substrate 
analog is required, since efforts in other directions have so far proved 
futile. In this regard, it is necessary to synthesize a glycerol ana- 
log which would have a bulky hydrophilic moiety attached to one of the 


three carbon atoms of this triol while still retaining high specificity 
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for the glycerol facilitator protein. With such an analog, whose ef- 
flux from the cell would thus be minimized, fresh efforts should be put 


into investigating the kinetic parameters for this transport system. 
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APPENDIX 2A 


Fatty Acid Profiles at Various Growth Phases of Mutant K1060 Cells 
Grown with 18:lc and Glycerol 


# of Generations wh aby Be04 3.91 5.0 

Harvest Agoo* 0.205 20.30 (a5 2 0.90 he We 
16:lc mole % i LATE Trace 2.4 Trace - 
182ele 55.6 5 ee 49.2 535 Sie 
Toralaura YL vias Se 51.6 ashes SH Le 
Cpl7 Trace = ~ - ~ 
Cp19 da 15 aye. 12 ube) sia 
12:0 A Det 225 4.0 2.6 Dae 
14:0 Ms tO 9.8 1O=38 legs iis ge: 
16:0 i Zoe 2565 2356 Mesh 26.3 
18:0 ut 3.0 3.6 4.8 Sips dah 
Total Saturates " Sieh 7 AV. 4 432 43.4 44.3 
16:0/14:0 2e02 ZOU Me US) 2.30 95 
18:1c + Cpl19 Hi pw hes} 56.4 50.4 55 a0 5403 


* 
A550 =~ 1-15 x A600 


Cells of E. coli K1060 were grown (as given in Chapter II) in M63 sup- 
plemented with 18:lc together with glycerol as carbon and energy 
source. Cells were harvested at the optical densities (A600) indi- 
cated. Fatty acid extraction and analysis were carried out as detail- 


ed in Chapter II. 


AS AUTRE TGA ue 


| we 
nile? O@UI0 tenee So. obbedt Ayers goee cuotaay sh facioon saa viet” 
foveoyh? bas ofr Gl advtw swez0 
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APPENDIX 2B 


Fatty Acid Profiles at Various Growth Phases of Mutant 
K1060 Cells Grown with 18:lce and Glucose 


# of Generations DeoOs 3.49 4.65 

Harvest A600* (ul2ae 60628 0.62 1.33 1.90 oe? 
16:1lc mole % 20 = - ~ - _ 
18:l1lc n 34.6 B3ie3 28.0 24.9 23. 1823 
Total UFA A Nore, SMh a5 28.0 24.9 DAaae 18.3 
Cpl7 0.6 OVE 1.0 0 a2 EL ARS) 
Cpl9 WL 0.8 OF, 0.9 0.8 1.8 225 
¥2<0 HY Peis SHAS | ste 3} ed 6.3 Sate 
14:0 i dey es: VS i bat) 213 21.6 24.6 
16:0 W 3S o/ a2 al 44.5 44.8 44.8 4720 
18:0 i. 229 oe 253 gh 0 alah 
Total 

Saturates Wy 60.7 66.5 69.8 72.6 Toei Visent 
16:0/14:0 the Bie: 233 2.26 #2 ahah 2.08 1.94 
18:1c + Cpl9 _" 35.4 32.0 28.9 IPS AT 25702 20.6 


at ianiinnEEEEEEREEEEEER EEE TEEEESEREEEEEEREEEEEERE ERE 


* 
A550 = 1.15 x Agog 


Same as for Appendix 2A except that glucose was used here as carbon 
and energy source. 


APPENDIX 2C 


Fatty Acid Profiles at Various Growth Phases of E. coli 
K1060 Cells Grown with 18:1lc and Xylose 


Harvest Aggo* 0.103 0.207 0.376 0.70 1.39 
H621C mole Z% - - - Trace Trace 
132ic MY ay pet 5220 51.9 48.9 47.8 
Total UFA oe D712 Dz 20 Pe A) 48.9 47.8 
Cp17 u - - - - 0.4 
Cpl19 . 120 - 0.9 Ey The SS} 
1220 Ee 149 £39 L335 TO 0.6 
et O oe LOg4 8.8 Tce) 8.0 728 
16:0 : 26.0 SHB al 36% 2 38 .6 40.2 
133.0 xs 1.6 Vp ji byes b 0.9 - 
Total Saturates " 39.6 44,1 45.9 48.5 48.6 
Others (i) ss - 225 1.4 132 0.3 
(ii) 5 Met 0.6 - - - 


* 
A550 = 1-15 x Agogo 


Same as for Appendix 2A except that xylose was used here as carbon 
and energy source. 
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APPENDIX 2D 


Fatty Acid Profiles at Various Growth Phases of Mutant K1060 
Cells Grown with 18:lc and Succinate 


Harvest Agqg” 0.09 0.117 0.38 0.81 ees 
16:1c mole % ~ ~ ~ ~ - 
18:1c i 56.5 Deo 50.9 48.5 45.4 
Total UFA 565 5333 50.9 48.5 45.4 
Cp17 ey Seah 2 o 0.5 035 0.6 
Cp19 " 3.8 rag Ley 5.4 7.6 
PZ <0 a 250 Dra Ab sab Om - 
14:0 x Thea 6.4 524 bias! 5.6 
16:0 iy 2726 Biles 37.4 39.6 40.7 
18:0 - - - = = 
Total Saturates " 36.7 39.9 43.9 45.6 46.3 
16:0/14:0 3.91 4.95 6.97 rh sy 725 


eS 


* 
A559 * 1.15 x A600 


Same as for Appendix 2A except that succinate was used here as carbon 
and energy source. 
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APPENDIX 4 


Calculation of Initial Rate of Transport 


(Gi The concentration of protein in cells used in any transport ex- 
periment was routinely determined with the 1:40 cell suspension, with- 
out prior treatment with glucose and chloramphenicol. For transport 
assay, 509 ul of the suspension was first treated with 10 ul of 1M 
glucose and 20 ul of chloramphenicol (2 mg/ml), i.e., a dilution to 


500/530 of the protein concentration in the original suspension. 


ae Effective protein concentration of 1:40 suspension used 
# 
for transport assay 
= (500/530 * mg protein/ml of untreated 1:40 


suspension)mg/ml treated cell suspension [x] 


# 
N.B. When a different concentration of cells was used, n had to be 


multiplied by an appropriate factor to compensate for the dilution. 


(ii) 20 ul of these treated cells was added to 485 ul of radioac- 
tive substrate to make a total of 505 ul transport assay mixture, out 
of which a 200 ul aliquot was taken and filtered, and radioactivity 


in the trapped cells counted. 


Protein concentration in the 200 ul filtered 


= (x/1 x 20/1000 x 200/505)mg [y] 


(iii) Initial transport rate 


Pp LSC” pri =) (appropriate control cpm) 
fc m on rint-ou e con c jemmeee 


sampling time (sec) 


<4 


a> 


TT. 
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[(cpm/ sec) x 60 |cpm/ min 


(cpm/sec x 60/1 x 1/y)cpm/mg protein/min 


“TSC = liquid scintillation counter. 

If (a) the specific activity of the starting radioisotope solution 

[assuming 100% counting efficiency (CE), i.e., dpm = cpm] = SA cpm/ 
nmole, and (b) mean counting efficiency for the run calculated from 


all the substrate concentrations used = (CE)%, then 


SA X (CE)Z 


Specific Activity at (CE)% = ——~To0- CPm/nmole 
_ cpm x 60, 100 
Transport initial rate eee Say came (cE) 7 nmole/min/mg 


of protein. 
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APPENDIX 5 


Temperature Programs and Instrument Settings Used 
for GLC Analyses of Fatty Acid Methyl Esters 


GLC PROGRAM* 
i, 2 
Detector Temperature (°C) 300 300 
Injection Port Temperature (°C) 300 300 
Range 1000 1000 
Attenuation (Not functioning) 1 oo 
Noise Suppression Max Max 
Recorder Presentation On On 
mV at input for full scale (Log) 1 1 
Slope Sensitivity (mv/min) 
Up 0.03 0.01 
Down G2.03 0.01 
Baseline Reset Delay (sec) 6 4 
Area Threshold 100 10 
Shoulder Control (mv) 
Front Off On 
Rear 10 10 
Temperature Program 
Temperature 1 (°C) 160 170 
Time T1 (min) 4 4 
Rate (degrees/min) 2 2 
Temperature 2 (°C) 190 190 
Time Ty (min) oo a 


* 
Program 1 was used for most of the analyses. 
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